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PART I 


ELECTROCHEMISTRY OF THE GROUP IIIA ELEMENTS IN 


FUSED LiC1-KCl EUTECTIC 


PIS MOW LR A 


Boron is electrochemically inactive in the fused 
LiC1-KCl eutectic. Reversible electrode potentials exist 
for aluminum, gallium, indium, and thallium in the LiCl- 
KCl eutectic melt at 450°C. The standard molar electrode 
potentials of the couples against a standard molar plat- 
inum electrode are: Al1(III)/A1(0): -1.762; Ga(III) /Ga(0): 
=e baleVie wet ( L) 7 in CO) — 1. 215° Ve in (il il)i/intl): —0.940. Vv; 
TAG / 2 CO)ss ei ea Oe eV sre Cri) 771 (1s FOSS oeV. “These 


oxidation states and potentials are discussed. 


erm. uf 


he dort vane 


We hoa! ee ate ; > Tene 

rie hi Oi dy hs fe as * we - 2:2 oe : 

; 1 | ne 2 Wi Ce ie ie 7 7 ry ; : . a ft 77 
ent tt evitone Mhieviniedsividbers at no oe 7 
Yo Bis itredtiq, abowoiass oS eh BOVE « LIE socio som-t Las 
eet: ak met e 0 3%a Evie a ¥Vipat sit Lu cit ie “ } aig bmi lhe 
feo a Sat Vee ee vi Leer er3o actus 


i x v! ms 4 ae { i! nT i ~~ o " Fe ¥ wl f 
ita yslom Orabosde sc Janteps & alt oe ‘ae! ta a er 


ee }fBo\, ‘ ime a fr (Say tid ef AP), Ay , err eA OAs aban pais tal ie 
ie gs | lla a 


vo | al s(t yet’ (Fetjyat «vor Ke: Cis vane nt “ tes, — ‘J 


‘ge: aT. CRORE bd of pecan 


rE BS: 


ae oom 


fs 


Tek tee Og as aaa sda nos 


ve ; : 


Neue OD UP CT ai OrRN 


The fused LiC1-KCl eutectic (59 mole percent LiCl, 
melting point 352°C) is one of the first fused salt sys- 
tems in which detailed electrochemical studies have been 
undertaken. The first compilation of standard half-cell 
potentials in this melt was carried out by Laitinen and 
Liu (1). In determining half-cell potentials of various 
electrode systems, they made use of the Nernst equation 


in the form: 


RT [Red] 


B=" bo t—2 2303 AF log osc] male where 


E = the observed potential of the electrode 
being studied; 


E? = the standard potential of the experimental 
half-cell; : 


R = the gas constant (8.31470 J deg? mole™ +) ; 
T = the temperature in degrees Kelvin; 


n = the number of electrons transferred; 


F = the Faraday constant (96,493.5 J oe 
: -l 
equivalent ~); 
[Red] = the reductant concentration; 
[Ox] = the oxidant concentration. 


The operating temperature for work in the fused LiC1-KCl 
eutectic has been standardized by Laitinen and Liu (1), 
and others following them, at 450°C. At this temperature, 


the value of 2.303 RT/nF for a one-electron process is 
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0.1434 volts. 

It should be noted that the Nernst equation given 
does not include terms for the activity coefficients of 
the reductant or oxidant. These are not included, as it 
is most often found that, for the concentration ranges of 
metal ions employed, plots of E versus log[Red]/[Ox] are 
linear. This means that the activity coefficients of the 
reduced and oxidized species are constant - more generally 
that their ratio is constant - and the activity coeffici- 
ents may be separated from the concentration terms and 
incorporated as part of the E° value. Thus, while the 
complete Nernst equation is given by | 


af 
E = E°'-2.303 © log —BoC{Red) 
Yox [0x] 


where E°' is the thermodynamic standard potential and y is 


the activity coefficient, this equation can be expanded to: 


Ne 
= Pot RT iRedin = RT Red 
E=E 2503 nF log Tox] 20503 nF log yee e 


As long as the ratio of the activity coefficients remains 
constant, the latter equation may be reduced to the equa- 
tion presented on page 2, i.e., by adding E°' and -2.303 
RT/nF log Yrea/Yox to give E°, the observed standard 
potential. (In dealing with a metal/metal ion couple, 

the activity of the pure metal is taken as unity, and then 
one is only concerned with the constancy of the activity 


coefficient of the metal ion since the metal is present in 
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the pure state). 

Definition of standard states is required before a 
compilation of standard electrode potentials can be made 
in any solvent system. Since the standard operating tem- 
perature for work done in the fused LiC1-KCl eutectic is 
450°C, the standard state of metals in the melt is taken 
as their actual physical state at this temperature and at 
one atmosphere pressure, and their activity under these 
conditions is defined to be unity. The standard state of 
a metal ion is taken as unit concentration, with the act- 
ivity coefficient of the metal ion at unit concentration 
taken to be that of the ion in an infinitely dilute solu- 
tion. The standard state of gases is taken as the pure 
gas at one atmosphere pressure (and at 450°C). The 
standard potential of a redox couple is obtained by solving 
for E° in the Nernst equation once the concentration-pot- 
ential data are known. A special case exists for solutions 
where both the reductant and oxidant concentrations are 
independent of one another, such as the Fe(III) /Fe(II) 
couple. In this type of system, when solutions at differ- 
ent concentrations of oxidant or reductant are prepared, 
the observed potential is equal to the standard potential 
whenever the term log[Red]/[Ox] in the Nernst equation 
equals zero. 

Three electromotive force series in a given solvent 


may be set up depending upon which concentration scale is 
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used to express the concentrations of the oxidant and re- 
ductant: molar(M), molal(m), and mole fraction (X). Because 
the definition of the standard state for all ions is unit 
concentration, and the behavior of the ion at unit con- 
centration is taken to be that of the ion in an infinitely 
dilute solution, the molar and molal concentration scales 
are more convenient to use in expressing solute concent- 
rations, since at unit concentration on the molar and molal 
scales there exists a relatively dilute solution of the ion. 
The mole fraction concentration scale is also used to set 
up an electromotive force series, but its use is not as 
reasonable as the use of the molar and molal scales, be- 
cause unit mole fraction - the standard state of the 

solute on this scale - corresponds to the pure compound, 
and the behavior of the solute at unit mole fraction is 
taken as if the solute were in an infinitely dilute sol- 
ution. The concept of the concentration of a solution can 
be defined to be an amount of solute dissolved ina 
quantity of solvent. At unit mole fraction of solute, no 
solvent is present, and hence no solution, as defined, 
exists. Thus the previous phrase "the behavior of the 
solute at unit mole fraction is taken as if the solute 

were in an infinitely dilute solution" does not correspond 
to a physically meaningful situation. When the solvent 
density is unknown, the electromotive force series is 
usually based upon the molal concentration scale. Due to ex- 


perimental difficulty in the measurement of volume at high 
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temperatures, the molar concentration scale can be used to 
express reductant or oxidant concentrations only when the 
density of the solvent is known. The density of the fused 
LiC1-KCl eutectic was determined by Van Artsdalen and Yaffe 


(2), and its value at 450°C is 1.648 gm/ml. The relationship 


between molality and molarity, and mole fraction and 
molarity was calculated by Laitinen and Liu (1) for the 
fused LiC1-KCl eutectic at 450°C to be m = 0.607 M and 
AB=FOL0S3 7 OM; 

The half-cell potentials in any electromotive force 
series are listed with respect to a reference electrode 
whose standard potential is arbitrarily (and conveniently) 
set to zero. In the fused LiC1l-KCl eutectic, the most 
commonly used reference electrode has been the Pt(II)/Pt(0) 
couple. The Ag(I)/Ag(0) and chlorine gas/chloride ion 
couples have also been used as reference electrodes. The 
Pt(II)/Pt(0) reference electrode is generated by electro- 
lytic anodization of platinum metal. It has been shown 
by Asakura and Mukaibo (3) that the use of large current 
densities to generate Pt(II) results in passivation of the 
platinum metal electrode with a layer of K,Ptcl,. As a 
result, low current densities must be employed for the 
electrolytic generation of Pt(II). (De Haan and Vander 
Poorten (4), Pointud, Hladik, and Morand (5), and Laitinen, 
Tischer, and Roe (6) have also reported the anodic passiv- 


ation of platinum). Low concentrations of Pt(II) (con- 
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centrations in the range of 0.01 to 0.1 M are practical; 
the upper concentration limit is not precisely known) must 
also be used, because it was shown by De Haan and Vander 
Poorten (4) that at higher concentrations the equilibrium 
disproportionation of Pt(II) takes place: 2Pt(II) > Pt(0) + 
Pt(IV). Asakura and Mukaibo (7) have shown that coulo- 
metric anodization of silver, even at large current den- 
sities, leads to no passivation of the metal, and silver is 
therefore preferred by some workers over platinum as a 
reference electrode. A disadvantage does exist with the 
Ag(I)/Ag(0) reference electrode, and that is the extensive 
recrystallization of silver from the metal into the melt. 
This phenomenon, however, does not appear to affect the 
potential of the Ag(I)/Ag(0) couple. The standard potential 
of the Ag(I)/Ag(0) couple was determined by Laitinen and 
Liu (1) and has a value of -0.743 + 0.002 V (with respect to 
the standard molar platinum electrode [s.m.p.e.]). Use of 
the chlorine reference electrode, where chlorine is bubbled 
Over graphite, is possible but inconvenient. The standard 
potential of the chlorine gas/chloride ion electrode has 
been determined by Laitinen and Pankey (8) to be +0.322 + 
0.002 V (versus the s.m.p.e.). 

All potentionmetric work presented in this thesis 
employed the Pt(II)/Pt(0) couple as the reference elect- 
rode. The reversibility of this eieaceoauenas been 


established by Laitinen and Liu (1). Passivation of the 


= ia 


ea 


% BB, ee +90 ete amon e fecistea on 
orld dite ate, oo: = adie 4d semainte * 
oviacorne iad eb d@lte bins .cboxtowle, domeat in 
<tbem ond: ob Liv ; (ait aoa sere ae ' staan 

at, 208s es of) anoaten thors B06, avowed 5 ronanonadd & 

is shai erbinat acl sphauos (OemeA octd ds 46 J 4%: | 
bars aogkaaea, vd dendorsic:o? 26W elqvan, APYOAV EEDA. anti Yo. 
od ie sie), v ee aor, 0 a0 oakey e: 26d bets ty ibs 
he ea = Chassell sboxso—ie muta zion busbnet a, ett) 
badctaltedt taal anikzolay Staci wabonsoete constetey sabzoldo bai? 


os 


platinum electrode was never observed by the present author 
either during the generation of Pt(II) or after the Pt(II)/ 
Pt(0) reference system had been established. The polariz- 
ation potential of the cell Pt/Pt(II) , LiC1l-KCc1//LiC1-KC1/ 
Li/C during the generation of Pt(II) (and simultaneous 
deposition of lithium onto a graphite cathode) never 
exceeded the potential of lithium deposition (-3.3 V). This 
means that passivation of the platinum electrode did not 
take place since formation of passivating - and electri- 
cally insulating - layer of K,PtCl, on the platinum elect- 


rode would impede current passage through the above cell 
and a polarization potential greatly exceeding 3.3 V would 
have been observed. Low concentrations, approximately 
020055 tO, 0.0 TM of Pt(il),, were employed to ensure “Chat 
disproportionation of Pt(El) would not occurs “Once “the 
Pt(II)/Pt(0) reference electrode was prepared, the platinum 
surface always remained bright, showing the absence of film 


formation (K5PtCl or deposition of platinum metal from the 


6 

disproportionation of Pt(II)). Thus the Pt(II)/Pt(0) 

redox couple served as a functional reference electrode. 
Unless otherwise stated, all potentials in this 


thesis are reported on the molar concentration scale with 


respect to the s.m.p.e. 


Standard Potentials of the Group IIIA Elements 


No reversible potentials of boron couples in this 


ede tv eo wha Ae teion a la Ur a 
 ohoitaai | sa Suns ot S| 
ae eae ergot Vili ere 7 
eg i | Raa dnaitee sheignt Resales ; i 
Ectavclyrl ae pe i { divomio: oniiaaden doldiemateg 
cinema ‘tigation ‘wna favieeds hie ee Pi 
Jct) sary a ihr whe ot hia tos i. hataiests 


mee - 
; i 


ae ae at meee a: | | 
iviw efeae a Looting dion 
: Nee ay ae int uy il lls ee 
hee ay a ee ee wet 


Dis 


melt are known. Plambeck and Chapman (9) found that boron 
does not react with the melt, and attempts by them to 
coulometrically anodize boron only resulted in chlorine 
evolution; thus further study of this element in the eut- 
ectic melt was abandoned. 

The standard potential of the Al1(III)/A1(0) couple 
has been determined by Laitinen and Liu (1) to be -1.762 + 
0.009 V. Since aluminum chloride - at high concentrations - 
is volatile from the eutectic melt, two procedures were 
employed to obtain concentration-potential data. For low 
concentrations of aluminum chloride, where volatilization 
was not severe, small amounts of the compound were added 
to the melt, and the potential of the resulting solution 
was determined with an aluminum wire. Attainment of 
higher aluminum chloride concentrations involved coulo- 
metric anodization of an aluminum wire. After the equil- 
ibrium rest potential had been recorded, the aluminum 
compartment was immediately removed from the bulk melt and 
its contents were analyzed for aluminum. 

Gallium and indium metals are both liquid at 450°C, 
and they do not react with the melt at this temperature. 
Their standard potentials were originally determined in 
the fused LiC1-KCl eutectic by Laitinen and Liu (1) who 
added a weighed amount of the anhydrous MC1l, salt to the 
eutectic and coulometrically deposited some of the metal 


onto a tungsten microelectrode which then served as the 
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LOT. 
indicator electrode. Further potential readings were 
obtained by successive reductions of the metal chlorides. 
In this manner, the following standard potentials were 
reported: Ga(III)/Ga(0), -0.84 + 0.02 V and In(III)/In(0), 
-0.800 + 0.009 V. Their potential-log[Ga(III)] plot had 
a Slope close to a one-electron transfer, rather than a 
three-electron transfer. It was stated by Laitinen and 
Liu (1) that serious difficulties were experienced in 
transferring gallium trichloride to the eutectic, since 
the salt is extremely deliquescent. As a result, forma- 
tion of complex species of gallium(III) would set up a 
mixed potential system and probably lead to an incorrect 
value for the Ga(III)/Ga(0) standard potential. Anders and 
Plambeck (10) carried out an electrochemical study of 
various elements in a fused tetrachloroaluminate melt 
and have shown the monovalent oxidation states of gallium 
and indium to be of importance in that medium, and a Raman 
study by Clarke and Hester (11) has shown the existence 
of In(I) in the fused LiC1-KCl eutectic. As a result, 
the oxidation states and standard potentials of indium 
and gallium were reinvestigated in the fused LiCl-KCl 
eutectic by the present author. 

Thallium metal is liquid at 450°C, and does not 
react with the melt. Its standard potential was determined 
by Laitinen and Liu (1) in the same manner as described for 


gallium and indium. The standard potential of the 
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T1(I)/T1(0) couple was determined to be -1.476 + 0.002 V. 
Delarue (12), in a voltammetric study of thallium in the 
fused LiC1-KCl eutectic, has reported the oxidation of 
WiC) atoelltlitj@at a Graphite electrode. “The halt-wave 
potential for this process was given as +0.2 V. This value 
is in agreement with the standard potential of +0.155 V 

for the T1(III)/T1(1I) redox couple which was determined 


by the present author. 
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Solvent 


The solvent used was the fused eutectic mixture of 
lithium chloride and potassium chloride. Purification of 
this melt is necessary before it can be used as a solvent 
in which electrochemical studies are to be undertaken. 
Water is the major impurity, and is absorbed by lithium 
chloride which is highly deliquescent. Fusion of the 


salts results in the reaction: 


H,O + Cl —-> OH + HCl(g). 


The hydroxide so produced attacks the container material 
(Pyrex glass) and interacts with the electroactive ions 
of interest to form oxy-species. Moreover, the hydroxide 
ion limits the cathodic potential range of the melt to 
about -l V, since reduction of hydroxide takes place at 


this potential: 


OH +e-— SIMU) Use Sn 
Thus, removal of water and hydroxide is imperative, and 
several methods have been employed to accomplish this. 
Laitinen, Ferguson, and Osteryoung (13) dried the salt 
mixture at room temperature for three days under vacuum, 
and then raised the temperature of the salt mixture to 


300°C over an eight hour period. Hydrogen chloride gas 


er encanto) 
; Bs ae id v1) peal , 
Voie ; aa : Due 


wy 
Thoth? 

rere 
‘ % 


Taken ee ies 


mntAtet, ya vedvoude va baw ey aotem nates 
| ehipttala yhrtelit ei ito ket * 
| na a aa iar 


tal ttt "Hb et ¥ Om) 2 a 


, Th en 
mh A Jee 
tsiuatan “en seghet9 08 ciastis beoubosq ge sp lngabeys 


oe (a 


BHOS evi s8t Sill bos ao bw stoerodal bas Monte xo 
ab teoxbyd etd ave , mahaoge-vneo pot “od seta 9 
ot tiem ott Be 4 ayn Léadastiog nubodsen Saati 


an ay, : a a 


Sh ae potty neta a cl nohioupex poaie . ave te 


e ba ais 


ee rh A Da i : : as ; ; 
ae Fp rh as " i La ; ne i a) at } 
ay 7 er : | The 


= " 
s on 


S's 


was introduced into the salt mixture - to reverse the 
above hydrolytic reaction and drive off the water so 
formed - and was allowed to flow as the mixture was fused 
and raised to 500°C. The excess hydrogen chloride was 
removed using a water aspirator, followed by evacuation 

on a vacuum manifold. Removal of heavy metal impurities 
from the melt can be implemented by their simple displace- 
ment using a more electroactive metal like magnesium, as 
was proposed by Laitinen, Tischer, and Roe (6). Since 

the standard potential of magnesium is very negative, 
-2.580 V (1), negligible interference between Mg(II) and 
the system to be studied in the melt should be encountered 
as long as the standard potential of the system to be 
studied is more positive than that of the Mg (IT) /Mg (0) 
couple. Inman, Hills, Young, and Bockris (14) employed a 
purification procedure which involved use of the hydrogen 
chloride gas treatment followed by electrolytic removal 

of other impurities (under vacuum) using tungsten or 
molybdenum cathodes and carbon anodes. 

For the experimental work reported in this thesis, 
the LiC1-KCl eutectic melt was purified according to the 
procedure of Maricle and Hume (15) in conjunction with 
the magnesium treatment of Laitinen, Tischer, and Roe (6). 
The method involves flushing the fused eutectic (at 450°C) 
with a stream of chlorine gas; the hydrolytic products 


formed upon salt fusion are removed according to the 
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reaction: 
20H + ORS On ae eecHe Icy ler moc ag, 


Maricle and Hume (15) found that°a forty minute chlorine 
treatment followed by a twenty minute argon flush (to 
remove excess chlorine) was sufficient to remove all water 
from the melt. In addition to this, polished magnesium 
ribbon was introduced into the melt (argon bubbling being 
maintained) for a period of fifteen niiiiteee. voleonme cote 
scans of the melt thus prepared, using a graphite indicat- 
ing electrode, exhibited a very low residual current (1 
microampere at an electrode 0.05 cm? in area), and did not 
indicate the presence of hydroxide. Further evidence of 
the purity of the melt was exhibited in the observation 
that the melt did not attack its Pyrex glass container 
even after five days of contact with it. Thus, the method 
used in purifying the eutectic melt is extremely convenient 
as the time required to carry out the procedure is short 
when compared to the time required by the other available 


methods. 


Apparatus 


The apparatus used in the melt preparation is shown 
in Figure 1. Once prepared, the eutectic was stored under 
an argon atmosphere by clamping the outside Pyrex tube and 


cell head together, and allowing the apparatus to cool. 
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PEGURE: 1 


Apparatus for Purifying LiC1-KCl Eutectic Melt 


Ag Es Teflon taped rubber stoppers. 
ByiG. Glass wool. 
eyes Drierite - indicating. 
ES Adsorption charcoal. 
De Drierite - ordinary. 
dis Standard taper 14/20 glass stopper. 
Ky O -sing. 
15% Pyrex tube. 
Re Outer Pyrex container. 
Sie Fused LiC1-KCl eutectic. 
N. Glass wool. 
O. Teflon tubing. 
Pe Gas wash bottle. 
‘Oe Concentrated sulfuric acid 


(to monitor gas flow). 
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The eutectic produced in this manner could be stored for 
very long periods of time (six months or more) before being 
used. 

The electrochemical cell, as shown in Figure 2, 
consisted of an outer Pyrex container which housed a Pyrex 


3 Of eutectic at’ 450°C. 


crucible containing about 120 cm 
Isolation compartments were constructed by extending 10 mm 
Pyrex tubes that were sealed at one end by a D porosity 
Sintered iqlass disk (Ace Glass Co!, Vineland;°N.Jd.)< ‘The 
platinum reference electrode was composed of a platinum 
ISG pressure-welded to a platinum wire, the platinum wire 
being housed in a Pyrex tube. The counter electrode was 
made of graphite (spectroscopic electrode SPK, 0.120" 
diameter x 12" long, Union Carbide Corp., New York), and 
was suspended into the melt from a piece of copper tubing, 
the top of which was sealed onto a copper wire that led 
out of the cell. A chromel-alumel thermocouple sheathed 

in a Pyrex Piers calibrated against the melting point 

of zinc was used to monitor the solution temperature. The 
gallium, indium, and thallium electrodes were designed as 
cups, since these metals are liquid at 450°C. They con- 
sisted of a uranium glass tube with a tungsten wire pro- 
truding from it. A small uranium glass cup was attached 

to the end of the tube such that the tungsten lead extended 
into the cup and was completely covered by the molten metal 


after the cup was filled with the solid metal and placed 
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FIGURE 2 


Electrochemical Cell 


Cell head. Bottom flange is a 76/50 ball 
JOIN c mounteds on an)O ring, oO. 


Isolation compartment; M. Extra isolation 
compartment. 


Copper tubing to support graphite counter 
electrode, E. 

Indicating electrode. 

Outer Pyrex container. 

Pyrex crucible. 

Platinum reference electrode. 

Argon gas inlet. 

Cork stopper with a wedge cut: (a) to 
allow space for the copper wire coming 
from the copper tubing and, (b) to act 
as a vent for the release of excess 


argon. 


Pyrex tube, housing the chromel-alumel 
thermocouple. 


Eutectic melt level. 
Liquid metal pool. 


Glass wool. 


Lo. 


I maUdO ww Sn ©) a — 


$ 14/20 
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into tne electrochemical cell. The effect of this was to 
provide a metal pool electrode 7 mm in diameter for coulo- 
metric anodizations. 

The cell was heated to 450°C by means of a Lindberg 
Hevi-Duty 54331-A oven (Sola Basic Industries, Watertown, 
Wisc.) mounted in the vertical position, and this tempera- 
ture was maintained by a Lindberg Hevi-Duty 59344 tempera- 
ture controller. Potentials were measured with a 
Hewlett-Packard Model 3400A digital voltmeter equipped 
with a Hewlett-Packard 3444A DC multifunctional unit. A 
Model IV coulometric Current Source (E. H. Sargent and 
Co., Chicago) was used for the anodization of the metals 


ancCousoliie von. 


Chemicals 


Reagent grade lithium chloride and potassium chlor- 
ide as well as the magnesium ribbon used in the melt 
purification were obtained from Fisher Scientific. 
Platinum wire and foil used in the construction of the 
reference electrode were obtained from Engelhard Indust- 
ries of Canada. Gallium, 99.99% pure, was obtained from 
A. D. Mackay Inc., New York, and indium (electronic 
material, 99.999% pure) from Cominco Ltd., Montreal: both 
metals were in wire form. Thallium, in shot form, was 
99.9999% pure, and was obtained from Alfa Inorganics 


Beverly, Massachusetts. 
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Procedure 


All glassware which came into contact with the 
eutectic melt was cleaned by being boiled in per- 
chloric acid. The glassware was then dried and stored 
at 110°C until used. (Graphite electrodes were also dried 
at 110°C prior to use). The purified eutectic was fused 
under an atmosphere of argon, after which the fritted 
(isolation) compartments were placed into the melt. These 
compartments not only isolated the anolyte, catholyte, 
and reference electrode solutions, but also filtered the 
melt as it rose into the compartments. Vacuum was then 
applied to the system to remove any air that may have 
entered when the isolation compartments were placed into 
the melt. Argon was then introduced to blanket the cell. 
Experimental work commenced after the electrodes had been 
placed in their respective compartments and the melt level 
in the compartments was equal to that of the bulk melt. 

Thalliumeveadi ly .oxidi1zes in) ain, ,and scien sioe 
metal obtained from the manufacturer was coated with a 
brown-black layer Or T1,0. Since T150 is soluble in the 
fused LiC1-KCl eutectic (12), the metal pool was allowed 
to remain in contact with the bulk melt for a period of 
about 18 hours before being transferred to an isolation 
compartment. This resulted in the dissolution of the 
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Anodization of the gallium, indium, and thallium pools 
resulted in) the sformation of Ga(TIf), In(l); and Ti(L), 
respectively. After the removal of the indium and thallium 
metal pools, In(I) and T1(I) were further oxidized to the 
M(III) oxidation State at a graphite rod identical to the 
one being used as the counter electrode, as shown in 

Figure 2. 

The thermoelectric potential between graphite and 
platinum, and tungsten and platinum, was determined at 
450°C by short circuiting the hot ends of a platinum wire 
and graphite electrode, and a platinum wire and a tungsten 
lead, respectively. The graphite electrode was found to 
be 0.004 V positive with respect to platinum, and the 
tungsten electrode was found to be 0.005 V positive with 
respect to platinum. These thermoelectric potentials were 
appropriately subtracted from the experimentally determined 
standard potential. 

Calculation of the gallium and indium standard 
electrode potentials was carried out on the University 
of Alberta IBM System/360 computer (16). All potentials 
are reported with respect to the appropriate standard 
platinum electrode on the molar, molal, and mole fraction 
scales. Volumes of the isolation compartments were deter- 
mined by argentometric titration of their chloride contents. 
This information, in conjunction with the amount of current 


used to anodize the liquid metal pool, allowed the calcu- 
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Gallium 

In the determination of the Ga(III)/Ga(0) standard 
potential, a total of twenty-seven concentration-potential 
data points were taken in three separate coulometric 
anodizations of the gallium pool electrode. The current 
density employed for these anodizations was 20 mA/cm*, and 
the concentration of Ga(III) was varied over the range 
frome2. 330x a0 Pito .6 4864x0101- M. Higher concentrations 
were not attempted because at concentrations of Ga(III) 
greater than about 0.07 M, volatilization of Gacl, became 
noticeable. A plot of the cell potential (corrected to 
the s.m.p.e.) as a function of the logarithm of the 
Ga(III) concentration was linear, and had a slope of 
0.061 + 0.006 V/log unit. This value is in fair agreement 
with the theoretical value of 0.048 V/log unit expected 
for a three-electron process at the operating temperature 
employed. The standard potential of the Ga(III) /Ga(0) 
redox couple was determined from the intercept of the plot, 
corrected for ans thermoelectric potential of 0.005 V 
between platinum and tungsten, and was found to be 
-1.141 + 0.008 V. Any attempts to further oxidize the 
Ga(III) produced, using a graphite rod, resulted in imme- 
diate chlorine evolution. This shows that stable lower 


(e.g. Ga(I)) or higher oxidation states of gallium do not 


exist in the melt. 
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Indium 


A total of thirty-five concentration-potential data 
points were taken in four separate coulometric anodizations 
of the indium pool electrode. The current density employed 
in these anodizations was 20 mA/cm? , and the concentration 


of In(I) ranged from 8.74 x 107° 


to/0.340 M.. A plot of 
the cell potential (corrected to the s.m.p.e.) as a 
function of the logarithm of In(I) concentration was linear, 
and had a slope of 0.138 + 0.010 V/log unit, in agreement 
with the theoretical value of 0.143 V/log unit for a one- 
electron process at 450°C. The standard potential of the 
In(I)/In(0) redox couple was determined from the intercept 
of the plot, corrected for the thermoelectric potential 
between platinum and tungsten, and was found to be -1]1.215 + 
0.012 V. A typical Nernst plot for the In(I)/In(0) redox 
couple is shown in Figure 3. 

During the oxidation of indium metal, a small amount 
of yellow-red material, most probably InCl, condensed in 
the upper, cool part of the isolation compartment. The 
volatilization of InCl was unavoidable and led to a decreas- 
ed concentration of In(I) in solution. This effect would 
lead to a value of the standard potential which may be too 
positive. However, as the amount of InCl which volatilized 
from solution appeared to be quite small, this effect is 


estimated to be not more than 5 mV. 
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[In(1)] «107 


1.00 
ALSONG, -1.400 51300 -1.200 


VOLTS vs S.M.P.E. 


Figure 3. Typical Nernst plot for the In(I)/In(0) couple. 
In(I) concentration is in units of molarity. 
No correction for the thermoelectric potential 


between platinum and tungsten is shown. 
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Solutions of In(I), produced by anodization of in- 
dium metal, were further oxidized at a graphite electrode. 
The current density employed in these oxidations was ap- 
proximately 1 mA/cm?. A total of twenty-two concentration- 
potential data points were taken in three separate experi- 
ments, and the concentration ratio of In(I)/In(III) was 
varied over the range from 151.0 to 0.4133. A plot of 
the cell potential (corrected to the s.m.p.e.) as a func- 
tion of the logarithm of the concentration ratio of 
In(I)/In(III) was linear and had a slope of 0.076 + 0.004 
V/log unit. This value agrees well with the theoretical 
value of 0.072 V/log unit expected for a two-electron 
process at 450°C. The standard potential of the In(III)/ 
In(I) redox couple obtained from the intercept of the 
plot, and corrected for the thermoelectric potential 
between platinum and graphite, was found to be -0.940 + 
07 0057-V.. 

From the standard potentials of the In(I)/In(0) and 
In(III)/In(I) redox couples, the standard potential of the 
In(III) /In(0) couple was calculated to be -1.032 + 0.013 V. 
These data (i.e., the standard potentials of In(I)/In(0) 
and In(III)/In(I)) also allow the equilibrium constant, K, 
for the reaction 3In(1I) ——* 2In(0) + In(III) to be calcu- 


lated. The value of K = fin (lily tint: is 1.46 x 1077 
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Thallium 


For the determination of the standard electrode 
potential of the T1(III)/T1(I) redox couple, a solution 
of T1(I) was generated by coulometrically oxidizing a 
liquid thallium pool. In the course of this generation, 
ten concentration-potential data points were collected 
in order to determine the value of the T1(I)/T1(0) stand- 
ard potential, and then compare it with the value obtained 
by Laitinen and Liu (1) who electrolytically reduced T1(I) 
(added to the melt as anhydrous thallium (I) chloride) at 
a tungsten electrode. The current density employed in 
the anodization of the thallium pool was 20 mA/cm, and 
the concentration range of T1(I) over which data was col- 
lected was 2.08 x 10°* to 0.148 M. A plot of the cell 
potential against the logarithm of T1(I) concentration was 
linear and had a slope of 0.140 + 0.002 V/log unit, in 
agreement with the theoretical value of 0.143 V/log unit 
for a one-electron process at 450°C. The standard potential 
of the T1(I)/T1(0) redox couple was calculated to be 
-1.465 + 0.002 Vv. This value, corrected for the thermo- 
electric potential between platinum and tungsten, compares 
favourably to the value of -1.476 + 0.002 V determined by 
Laitinen and Liu (1). 


Thallium (I), produced by the coulometric oxidation 


of elemental thallium, was further oxidized at a graphite 
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electrode. The current density employed in this process 
was 0.6 mA/om?. A total of thirty concentration-potential 
data points was taken in two separate experiments in 
whien the: concentration ratio, of T1(Z)/TI(EI£) ranged from 
2/35) PCO. 222 44 tne solution of TU) was colorless, but 
turned light green when TI(III) was generated. A plot of 
thewcell potential as aptunction of log [T1(1)]/(TLCEi1)4 
was linear (Figure 4), and had a slope of 0.074 + 0.002 
V/log unit. This value is in agreement with the theoreti- 
cal value of 0.072 V/log unit for a two-electron process 
ate450°C. The standard potential) of the TLCLIL) JEL (1) 
redox couple was calcudated to be 40.155 .250.002' V. This 
value has been corrected for the thermoelectric potential 
between graphite and platinum. 

From the standard potentials of the T1(I)/T1(0) and 
T1(III)/T1(I) redox couples, the standard potential of 
the TI(III)/T1(0) redox couple was calculated to be 
-0.385 + 0.003 V, and the equilibrium constant for the 
reaction G11(1) yo Tit Tit) pte 2Tl (0) waskealculated to be 
Seow 10M emo ae Thus, thallium metal will quantita- 
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Figure 4. 
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Nets tapLOteroruthe sf li( tt) vis) couple. 
Potential is corrected for the thermo- 
electric potential of 0.004 V between 


graphite and platinum. 
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Studies of gallium by McMullen and Corbett ((17), 
and references cited therein) and indium by Clark, Gris- 
wold, and Kleinberg ((18), and references cited therein) 
have shown that stable compounds of Ga(I) and In(I) do 
exist; the "divalent" state of these elements is really a 
I-III compound. A study by Anders and Plambeck (10) ina 
fused tetrachloroaluminate melt has shown the existence 
of In(I) and Ga(I), and the standard potentials of the 
Ga(I)/Ga(0), Ga(III)/Ga(0), and In(III)/In(I) couples 
were determined in that medium. In the study by Laitinen 
and Liu (1) of indium and gallium, the standard electrode 
potentials reported for the Ga(III)/Ga(0) and In(III) /In(0) 
couples (-0.84 + 0.02 V and -0.800 + 0.009 V, respectively) 
were obtained by adding the respective metal trichloride 
to the melt and carrying out a coulometric reduction. It 
was assumed that the reduction took place in one stage, 
viz., to the metal. In the present study, in which the 
metal was coulometrically anodized, oxidation to the tri- 
valent state was observed only for gallium. Thus, the 
assumption made by Laitinen and Liu (1) that gallium 
trichloride is reduced directly to the metal, was correct. 
Indium, however, was anodized first to the monovalent 
state, the stability of which has been confirmed in the 
fused LiC1-KCl eutectic by the Raman study of Clarke and 


Hester (11), and could not be further oxidized in the 
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presence of metallic indium. It is therefore concluded 
that the previously measured indium potential (1) corres- 
ponded to the In(III)/In(I) couple rather than the reported 
In(III) /In(0) couple. The data presented in reference 1 
appear to be insufficient to distinguish the exact oxid- 
ation state to which reduction actually occurred. 

It is not surprising that the standard electrode 
potentials of gallium and indium determined in this study 
are significantly different from those observed in the 
previous work (1), since the trichlorides of gallium and 
indium are somewhat volatile at these temperatures. The 
direct addition procedure of Laitinen and Liu (1) would 
lead to considerably greater loss of the trichloride than 
the electrochemical generation procedure employed in the 
present work, and hence to considerably more positive 
standard potential values. Also, since Ga(III) was 
generated in the eutectic melt and not added as the tri- 
chloride (which is highly deliquescent), the problem of 
aqueous contamination of the system was significantly 
reduced. It is felt that for these reasons, and because 
considerably more data were obtained in this study, the 
values of the standard potentials of gallium and indium 
presented in this study are to be preferred. 

A summary of the standard electrode potentials of 
the group IIIA elements on the molar, molal, and mole 


fraction scales is presented in Table I. Proceeding from 
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TABLE I 


53% 


Standard Potentials of the Group IIIA Elements in 


LiCl-KCl Eutectic at 450°C 


System Forad ae 

B >+0.322 
Al(III)/Al(0)'  -1.762 
Ga (III) /Ga(0) Se ae 
In(fIl)/In(0)* -1.032 
T1(III)/T1(0)* ° -0.385 
In(III) /In(I) -0.940 
T1 (III) /T1 (1) 702155 
Al (I) /Al(0) 21.762 
Ga (I) /Ga(0) ee 4a 
In(I) /In(0) one 
T1(I) /T1(0) E46s 
T1(I) /T1(0) * Pie 76 


t Reference l. 


a Calculated from 


°) 
molal 


>+0.306 


-1.146 
-1.037 


-0.390 


-0.956 


+0.139 


>-1.767 


>-1.146 


-1.199 


-1.460 


-1.046 


+0.049 


>-1.797 


>-1.176 


-1.109 
-1.359 


-1.370 


experimental free energies. 
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aluminum to thallium, it is observed that the potentials 
of the M(III)/M(0) and M(III)/M(I) couples increase while 
the potentials of the M(I)/M(0) (M = In and Tl) couples 
decrease. This behavior can, in part, be explained on 

the Dasismofithe ionization potentials of the group! TILIA 
elements, and the strength of the M-Cl bond formed in the 
complex ions of these metals. These values are summarized 
in Tables Il and III respectively. It should be noted 
that the M-Cl bond energies given in Table III apply only 
to the gaseous diatomic molecules, and not to the M-Cl 
bond of the complex ion in solution. However, as a first 
aperoximationm, 1t May be postulated’ that the order of bond 
strengths between the metal ion and chloride ion of the 
complex im, the fused Licl—K¢Cl eutectic is: (B+Cl) > Al-Cl. > 


Ga5C > in-Ci a i-Cl.  lis ic ismassumediithat ‘complexes (or | 
3 


and MCl,~~are formed for the M(III) and 


4 4 


M(Z) oxidation states respectively, then the order of 


the type MCl 


the postulated M-Cl bond strengths can be rationalized on 
the basis of an electrostatic model: in going down the 
GlEoup (boron ;tomthadkiium), the size of the M(1) and 
M(III) ions increase (Table IV), and hence the charge 
density on the respective group IIIA metal ion, decreases. 
As a result, the attractive force between the metal ion 
and the chloride ion will decrease, which is to say that 
weaker M-Cl bonds are formed in going from boron to 


thallium. 
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TABLE III 


M-Cl Bond Energies of the Group IIIA Elements (20) 


Bond Energy (kcal/mole) 


B-Cl 127 
Al-Cl SEY fica 
Ga-Cl gs BS Se 
In-Cl 102.4 
Doe-eu 897.6 

TABLE IV 


Pauling Radii of the Group IIIA Elements 


° ° 
Radius (A) Radius (A) 


pt : Be? 0.20 
ical = avs 0.50 
Ga Tale cat? Ne 
Int 132 Paik 0.81 
tit 1.40 ri*3 0.95 
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Although formation of the B-Cl bond is favorable, 
electrochemical oxidation of boron in the LiCl-KCl eutectic 
melt does not take place because of the high ionization 
potentials of that element. The trend of the standard 
potentials of the M(III)/M(0) and M(III)/M(I) redox couples 
can be attributed to the decreasing stability of the M-Cl 
bond in going down the group. The standard potential of 
the T1(III)/T1(I) redox couple is over one volt more posi- 
tive than the corresponding indium potential. A clue to 
this behavior can be obtained from the fact that InC1l,(s) 
is 84 kcal/mole more stable than is InCl(s) (21), and that 
T1cl,(s) is only 34 kcal/mole more stable than T1Cl(s) 

(22). On the basis of the postulated trend of bond energies, 
it would seem that the standard electrode potential of the 
In(I)/In(0) couple would be more negative than that of the 
T1(I)/T1(0) couple. The opposite behavior is observed 

and this can be explained by the fact that the first ion- 
ization potential of thallium is greater than the first 
ionization potential of indium (Table II). The energy 
required to ionize thallium, then, is greater than the 

energy released in the formation of the chloro-thallium 
complex. 

It must be emphasized that the explanation given 
above for the trend of the standard potentials of the group 
IIIA elements is a simplified one. In essence, the follow- 


ing reaction is being examined when the standard electrode 
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potential of an M(n)/M(0) (n represents the oxidation 
number of the metal) redox couple is determined in the LiCl- 


KCl eutectic melt: 


2M(0) + nPt(II) ——~> 2M(n) + nPt(0) 


The standard change in free energy of this reaction is 


given by the relationship: 


AG° = 2( - n(G Sk: 


2 ican SMe * Pt (0) “PE(E1)! - 


- ° x, ° 
Since the free energy change expressed by G Pt (0) G Pt (II) 
is defined to be zero, the change in free energy expressed 
_ ope : : 
by G M(n) G M(0) defines the standard potential of the 
redox couple. At this point, it should be emphasized that 


M(n) represents the solvated ion in solution. The follow- 


d 4 : : fo) ae ° 5 
ing reactions will determine the value of G M(n) G M(0)? 
Reaction Energy Involved 

Meo a) Free energy of formation of the 
monatomic gaseous element. 

M > M LP.) Lok. w= LOnezZaciron 
potential. 

Ms) ae MC Leta Free energy of solvation. 


The "ree energy’ Of SsoOlVation, of san’ on cannot be "experi-— 
mentally determined, but its value can be calculated if 


the standard electrode potential of the M(n)/M(0) redox 
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couple is known. The calculation of a series of values 

for the free energies of solvation of various ions indepen- 
dent of the M(n)/M(0) standard electrode potential is not 
possible, and as a result, the trend in the values of the 
free energies of solvation is necessarily self-consistent 
with the standard electrode potentials to be examined. 

The species Al(I) and Ga(I) do not exist in the 
LiCl-KCl eutectic melt and therefore the standard electrode 
potentials of the Al(I)/A1(0) and Ga(I)/Ga(0) couples must 
be greater than -1.762 V (E°, Al(III)/A1(0)) and -1.141 V 
(E°, Ga(III)/Ga(0)), respectively. As a result, the equil- 
ibrium constants of the hypothetical reactions 3Al1(I) => 


Al1L(III) + 2A1(0) and 3Ga(T) wins Ga(III) + 2Ga(0) must be 


Greater than unity. From the ,equilibrium constants Of the 
Peac evans <o ln th) ere, 21n(0) ein (iid) (Kao) AGox tom ie 
mol™*) and 3T1(I) ~* 2T1(0) + TI(IIZ) (K = 2.55 x 1077° 


1 nouns) it is apparent that In(Z) is much less stable 
in the eutectic melt than is T1(I). Thus the stability 
of the M(I) oxidation state of the group IIIA elements 


in the LiC1l-KCl eutectic melt is: 
(BURR sel Gal) ) sein Cl) <n Co) 


This trend in the stability of the M(I) oxidation state 
is also followed in a tetrachloroaluminate melt for Ga(I), 


In(I), and Tl(I), as was shown by Anders and Plambeck (10). 
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The equilibrium ‘constants for the reactions 3Ga(I) => 
oCa Oe tecat lh) ye slit) cin (Oye tin (ili), sand) 37 i(1)) > 


14 28 


ZUG pee Wie etme thatemelt are.t-00 xd0) 1,560.9) x10, 


ane <I10 x 107° 17 areas ep respectively. These values 
show that the tetrachloroaluminate melt stabilizes the 
M(I) oxidation state, relative to the M(III) state, toa 
greater degree than does the LiC1-KCl eutectic melt. While 
T1(III) is a stable entity in the fused LiC1-KCl eutectic, 
it does not exist in the tetrachloroaluminate melt. It 
should also be pointed out that In(0) and T1(0) are not 


stable in the tetrachloroaluminate melt, as they are quan- 


titatively oxidized to In(I) and T1l(I) by Al(III). 
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Elemental boron cannot be coulometrically oxidized in 
the fused LiC1-KCl eutectic. Aluminum metal can be anodized 
to Al(III). Although the existence of Ga(I) and In(I) com- 
pounds has been shown, only In(I) exists in the LiC1-KCl 
eutectic melt. The other stable oxidation states of gallium 
and indium in the melt are Ga(0), Ga(III), In(0), and 
In(III). Thallium metal can be electrolytically oxidized 
LOU TL(T)’; which in -turn=can be oxidized to T1(LII)i> The 
standard electrode potentials between different oxidation 
stats of the same element have been established. Froma 
preparative point of view, this study has introduced a 
novel method for the preparation of the anhydrous chlorides 


of gallium and indium. 
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44, 
PART wid 
THE ELECTROCHEMISTRY OF THE GROUP IVA ELEMENTS 


IN FUSED LiC1l-KCl EUTECTIC 
Bato Us eA Cwk. 


Carbon (graphite) is electrochemically inert in the 
fused LiC1-KCl eutectic at 450°C. Attempts to anodize 
Silicon into the LiC1-KCl eutectic melt are hindered by a 
complex phenomenon called the “anode effect", and no elec- 
troactive species of silicon were found in the melt. 

The standard electrode potentials of the Ge(II) /Ge(0) 
and Ge(IV)/Ge(II) redox couples in the fused LiC1-KCl eut- 
ectic at 450°C are -0.792 V and -0.665 V versus the stand- 
ard molar platinum reference electrode (s.m.p.e.). A 
voltammetric study of Ge(II) showed that potentials more 
negative than -0.80 V were sufficient for the electro- 
deposition of germanium. Chronopotentiometric reduction 
of Ge(II) on gold follows the Sand equation and gives 
evidence of alloy formation. The cell Au-Ge (12 wt.% Ge, 
2)/Ge(II) in LiCl-KC1l/Ge(s) was studied, and the following 
parameters were Haremened for the alloy: AS? = 14.2 e.u.; 
AG? = -1.24 kcal/mole; and AH? = +9.00 kcal/mole. Optical 
and scanning electron metallographic studies were made of 
germanium deposited onto a gold substrate. 


The standard electrode potentials of the Sn(II)/Sn(0) 


and Pb(II)/Pb(0) redox couples were found to be -1.079 V 
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and -1.093 V versus the s.m.p.e. respectively, in agreement 
with earlier work. The standard potential of the Sn(IV) / 
Sn (IT) redox couple is -0.310 V. Pb(II) cannot be oxidized 


to Pbh(IV) in the fused LiC1-KCl eutectic. 
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Carbon 

Graphite (carbon) is electrochemically inactive in 
the fused LiC1-KCl eutectic. Attempts to anodize carbon 
result in chlorine evolution (the limiting anodic reaction 
in the melt), and electrolytic reduction of carbon results 
in lithium deposition (the limiting cathodic reaction in 
the melt). Thus, graphite has been used in electrochemi- 
cal investigations as a counter electrode or an inert 
electrode for the oxidation (or reduction) of an electro- 
active species from one oxidation state to another. Morris 
and Harry (1) formed anodic deposits of carbon by the 
electrolysis of fused calcium carbide-lithium chloride and 
lithium carbide-calcium chloride mixtures, and found that 
the current efficiency for the process was close to 100% 


2) Although 


based on the oxidation of the acetylide ion (Cy 
calcium carbide is soluble in the LiCl-KCl eutectic melt, 
attempts by Plambeck (2) to deposit carbon from it were not 
successful. Barde, Buvet, and Dubois (3) carried out 
voltammetric eeaaiee in the fused LiC1-KCl eutectic and 


reported the anodic oxidation of carbon monoxide and of 


some hydrocarbons. 


Silicon 
Investigations by the present author have shown that 


silicon does not react with the fused LiC1-KCl eutectic; 
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this observation is in accord with that of Delarue (4) who 
reported the insolubility of silicon in the melt. A phe- 
nomenon known as the "anode effect" (5,6) was observed by 
the present author when attempts were made to anodize sili- 
con. Cathodization of silicon results in lithium depo- 
Sition. Attempts to reduce silicon tetrachloride in the 
eutectic melt at a platinum electrode resulted in lithium 
deposition. 

Panzer (7) studied a series of miniature cells ("pill 
cells") of the type Mg/MgO/LiC1-KCl/kaolin/LiC1-KC1/A, 
where the LiC1-KCl eutectic was intially pressed into a 
"pill" 1-3 mm in height and 1 cm in diameter. The Mg/MgO 
electrode served as the reference electrode; kaolin, a 
clay, prevented the anolyte and catholyte from mixing; and 
A was the metal anode whose standard potential was to be 
estimated. No compounds of Mg(II) or A(n) (n being the 
oxidation number of A) were added to the catholyte or 
anolyte. Although magnesium oxide is virtually insoluble 
in the fused LiC1-KCl eutectic at 450°C, a small concent- 
bation Of Mg (il) wulivexast in solution... | The: presence of 
A(n) in the melt must have arisen from oxidation of A by 
melt impurities. If the Mg(II) and A(n) concentrations 
were approximately equal, then the open circuit potential 
of the cell would approximate the standard potential of 
the system A(n)/A. Using this approach, Panzer (7) 


obtained a value of -0.35 V for the potential of silicon 
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against platinum. This value was not ascribed to any 


specific redox couple of silicon. 


Germanium 

The electrochemistry of germanium stems from the time 
of its discovery by Winkler (8) who, in 1886, electrolyzed 
aqueous ammonia-ammonium tartrate solutions of germanium 
dioxide. Further work into the aqueous electrochemistry 
of germanium was carried out by Tainton and Clayton (9), 
who discovered that the electrolytic production of zinc 
was seriously affected by co-electrodeposition of small 
quantities of germanium. They ascribed this adverse effect 
to the low overpotential of hydrogen on a germanium sur- 
face. This observation was verified by Hall and Koenig 
(10). Schwarz, Heinrich, and Hollstein (11) attempted to 
develop a quantitative procedure for the electrodeposition 
of germanium from aqueous media. An exhaustive study was 
made into solution composition (e.g., use of complexing 
agents, acidic media, basic media, etc.), temperature, 
and current density employed for the electrolyses, and it 
was found in all eee that germanium deposition took place 
only to a limited extent and was then followed by hydrogen 
evolution. A similar study by Fink and Dokras (12) again 
demonstrated that the electrodeposition of germanium from 
aqueous media is limited to thin flashes of the metal, be- 
cause the overpotential of hydrogen on germanium is low. 


Land (13) showed that germanium could be uniformly deposited 
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onto a platinum surface freshly plated with copper, but 
once the copper cathode was completely covered, hydrogen 
evolution occurred. 

Jirsa (14) reported that germanium can be quantita- 
tively anodized to Ge(IV) in both acidic and basic media. 
He proposed that concentration polarization of the german- 
ium anode in prolonged electrolysis caused the reaction 
Ceti Go(Uje— -Ge(Tt) to occur” (1 7ey "Geli V) “produced 
reacted with the germanium anode), and that subsequent 
hydrolysis of Ge(II) resulted in the formation of a layer 
of GeO on the germanium anode. However, Sullivan, Klein, 
Finne, Pompliano, and Kolb (15), and Reid (16) have shown 
that the current efficiency for the reaction Ge(0)—> 
Ge(IV) + 4e exceeds 100%, and thus anodization of german- 
ium results in the formation of Ge(IV) and Ge(II), the 
latter being hydrolyzed to produce GeO. 

Nichols and Cooper (17) concluded that the GeO. /Ge 
couple is not reversible in aqueous media. Using thermo- 
dynamic data, Lovrecek and Bockris (18) have calculated 
the standard electrode potentials of twenty-three possible 
redox couples involving germanium in aqueous media. Of 
these, they found that the following three redox couples 
describe the thermodynamics of germanium in aqueous media, 
since they were the only couples that could be correlated 


to the experimental data obtained: 
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The low overpotential of hydrogen on germanium led 
to the idea that electrodeposition of germanium from non- 
aqueous media, i.e., media where the hydrogen ion concent- 
ration is very small or nonexistent, would yield better 
germanium deposits. Most work in organic media has employed 
polyalcohols, mainly ethylene and propylene glycol, as 
the solvent, and the germanium compounds most often used 
with these solvents to electrodeposit germanium have been 
germanium tetrachloride and germanium tetraiodide. Thus, 
Fink and Dokras (12) were able to obtain good deposits of 
germanium from an ethylene glycol-germanium tetraiodide 
mixture. However, there were difficulties with this solu- 
tion, such as considerable solvent loss at the operating 
Peace ae A more efficient method of plating germanium 
was proposed by Szekely (19). He electrodeposited germani- 
um from solutions of germanium tetrachloride in ethylene 
glycol and germanium tetrachloride in propylene glycol and 
found the latter to give a superior deposit of germanium. 
Szekely (19) also studied the anode current efficiency for 
the oxidation of germanium in ethylene glycol and found that 
the current efficiency of the reaction Ge(0)—— Ge(IV) + 4e- 


exceeded 100%, and thus concluded that the germanium anode 
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must also be oxidized to Ge(II). Attempts by the present 
author to anodize germanium in sulfolane (tetrahydrothio- 
phene 1-1 dioxide) were not successful. The absence of 
germanium in any oxidized form was confirmed by voltammetry. 
The present author also found germanium dioxide and ger- 
manium tetrachloride to be insoluble in sulfolane. 

Organic media, then, have been found to be more 
conducive to the production of germanium deposits than 
aqueous media. This is a result of the nonavailability 
of hydrogen ions in organic media, which has the effect of 
increasing the hydrogen overpotential on germanium to the 
extent where germanium deposition is the favored reaction. 
It is also very likely that germanium tetrahalide-alcohol 
complex formation aids in the electrodeposition process. 
This is analogous to the situations which exist in aqueous 
media where metal complexation leads to a better deposit, 
as in the deposition of silver from solutions of Ag(CN) 5 
and Ag(aq), the former giving a better deposit than the 
latter. 

The first attempt to electrodeposit germanium from 
fused salt media was carried out by Tressler and Dennis 
(20), who plated germanium from germanium dioxide dissolved 
in molten fluoride baths. Their germanium yields were 
low due to the loss of germanium monoxide, an intermediate 
compound formed in the electrolysis. Electrolysis of fused 


salt baths consisting of equimolar amounts of potassium and 
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sodium carbonates in which germanium dioxide had been dis- 
solved was carried out by Hall and Koenig (10). They used 

a platinum cathode and found that the deposited germanium 
alloyed with the cathode. Fink and Dokras (12) electrolyzed 
solutions of germanium dioxide in fused sodium tetraborate. 
This fused solvent was found to be satisfactory, as germanium 
monoxide, formed in the reduction of germanium dioxide, was 
soluble in the melt and hence led to higher current effi- 
Ciencies for the germanium deposition. Fink and Dokras 

(12) related the current efficiency of germanium production 
to experimental conditions on the basis of the sodium film 
theory proposed by Fink and Ma (21). According to this 
theory, increases in current efficiency above 900°C are 
attributable to the production of a sodium vapor film on 

the cathode surface (sodium metal boils at 883°C). Thus 
reduction of Ge(IV) takes place via the secondary reaction: 
Ge(Iv) + 4Na(0)(g) ——~ Ge(0) + 4Na(I). 

Barbier-Andrieux (22) reported an extensive investi- 
gation of the preparation of germanium from fused salt 
solutions of germanium dioxide, and described the sSuccess- 
ful electrowinning of germanium from fused Na,0*2Ge0,, and 
from germanium dioxide dissolved in silicate melts. The 
purity of germanium obtained was greater than 99%. Similar 
studies by Andrieux and Barbier-Andrieux (23) described 
germanium production from germanium dioxide dissolved in 


fused borate, silicate, phosphate, and sodium oxide-sodium 
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Syehe 
fluoride melts. Bockris, Diaz, and Green (24) reported con- 
ditions for the production of germanium dendrites at a gra- 
phite cathode by the electrolysis of a sodium tetraborate- 
germanium dioxide melt. 

Delimarskii, Bojko, and Schilina (25) carried out a 
voltammetric study of germanium dioxide dissolved in molten 
borax and found that Ge(IV) is reversibly reduced according 
to the equation Ge(IV) + 4e ——> Ge(0). A voltammetric 
study of germanium dioxide dissolved in fused sodium meta- 
phosphate (at 680°C) was undertaken by Kaptsova and Delimar- 
skii (26). They showed that germanium dioxide is reduced in 
two stages in that melt: at a half-wave potential of -0.73 V 
(probably with respect to an oxygen reference electrode) 

Ge (IV) was reduced to Ge(II), while at a half-wave potential 
of -0.82 V reduction of Ge(IV) to the metal took place. 
Monnier and Tissot (27) studied the electrolysis of german- 
ium dioxide in a fused fluoride melt, and obtained germanium 
in purity greater than 99.9%. They postulated the mechanism 
of the electrolysis to be the discharge of Ge(IV) and one 
formed from the dissociation of germanium dioxide. Rius, 
Colom, and Artracho (28) studied the electrowinning of 
germanium from solutions of germanium dioxide in fused 
borate and silicate melts. They proposed that germanium 
deposition proceeded through the reduction of germanium 


ions by alkali metals, the ions of which were previously 


reduced at the cathode. This corresponds to the sodium 
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film theory expounded by Fink and Ma (21). Verdieck and 
Yntema (29) found that it was possible to obtain a thin 
plate of germanium, at 156°C, from a tetrachloroaluminate 
melt containing potassium fluorogermanate. This temperature 
was much lower than those previously employed Lrore’the 
electrodeposition of germanium. Two reduction potentials 
were reported with respect to an aluminum reference elect- 
rode immersed in the melt: (a) +0.50 V at low current 
densities, and (b) -0.01 V at large current densities, 
germanium deposition occurring at this potential. Although 
the authors do not ascribe any processes to these poten- 
tials, it is most likely that at low current densities 
(+0.50 V), reduction of Ge(IV) to Ge(II) occurred, whereas 
at large current densities (-0.01 V) the potential was suf- 
ficient to cause both reduction of Ge(IV) to metallic ger- 
Manium, aS well as reduction of Al1(III) to Al(0). The only 
other study reporting a potential value for germanium in 
fused salt media is given by Panzer (7) who reported the 
potential for germanium (versus the s.m.p.e.) in the fused 
LiC1-KCl eutectic (at 43450°C)as7being=-O789 V?""As Gin the 
case of silicon, he did not state to which redox system 
this value corresponded. Seo (30) has patented a method 
for the cathodic deposition of germanium from germanium 
tetrafluoride added to a fluoride melt. Polishing (anod- 
ization) oi germanium has been accomplished by Brouillet and 


Epelboin (31) in mixtures of fused sodium chloride-potassium 
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chloride and potassium chloride-magnesium chloride. 

While previous fused salt work with germanium has al- 
most completely employed high temperatures (in excess of 
800°C) and germanium dioxide as the source of germanium, 
the present author has found that the electrochemistry 
of germanium could be studied in the fused LiC1l-KCl eut- 
ectic, at the much lower temperature of 450°C. Solutions 
of Ge(II) were produced by the anodization of metallic 
germanium, and this species was further oxidized to ger- 
manium tetrachloride at a graphite electrode. Germanium 
dioxide was found to be insoluble in the LiC1-KCl eutec- 
tic melt. It was possible to electrodeposit germanium 
from the divalent state. Extended electrolysis of Ge(II), 
either constant current electrolysis using gold or plat- 
inum cathodes or constant potential electrolysis using a 
gold cathode, led to the formation of black, bulky, non- 
adherent deposits of epee ite These deposits, however, 
were found to contain some germanium dendrites. Because 
the electrodeposition of germanium in the LiC1-KCl eut- 
ectic was carried out at 450°C, the alkali metal gas film 
theory proposed by Fink and Ma (21) cannot explain the 
reduction of Ge(II). A potentiometric study by the pre- 
sent author has shown that the Ge(II)/Ge(0) redox couple 
obeys the Nernst equation in the fused LiC1-KCl eutectic 


at 450°C. Thus, the Ge(II)/Ge(0) system is reversible in 
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5G; 
this melt, and reduction of Ge(II) takes place via the 


reaction Ge(II) + 2e —— Ge(0). 


Pan, 

Tin is liquid at the standard operating temperature 
of the fused LiC1-KCl eutectic, 450°C. The standard elec- 
trode potential of the Sn(II)/Sn(0) couple has been deter- 
mined by Laitinen and Liu (32) to be -1.082 + 0.002 V. 
Delarue (4) has reported -1.1V as the half-wave potential 
for the voltammetric reduction of Sn(II) at a platinum 
electrode, in agreement with this value of the standard 
potential of the Sn(II)/Sn(0) redox couple. Delarue (4) 
also studied the voltammetric oxidation of Sn(II) to 
Sn(IV) at a graphite electrode and reported the half-wave 
potential of this process to be 0.0 V. The present author 
determined the standard potential of the Sn(IV)/Sn(II) 
couple to be -0.310 + 0.003 V, and a voltammetric study 
of the oxidation of Sn(II) to Sn(IV) at a graphite Siete: 
rode showed the half-wave potential of the process to be 
-0.31 V. The difference in half-wave potential values for 
Sn (IT) oxidation may be attributed to Delarue's use of 
wet melts (4), or use of large current densities and long 
electrolysis times in obtaining voltammetric data (33). 


No reaction between tin and the LiC1l-KCl eutectic melt 


was observed. 
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Lead 


Lead, like tin, is liquid at 450°C (the operating tem- 
perature of the fused LiC1-KCl eutectic). The standard 
potential of the Pb(II)/Pb(0) redox couple was determined 
by Laitinen and Liu to be -1.101 + 0.002 V (32). A voltam- 
metric study by Delarue (4) showed that the half-wave 
potential of the reduction of Pb(II) at a platinum electrode 
is -1.1V, in agreement with this standard potential of 
the Pb(II)/Pb(0) couple. Delarue (4) also showed that dis- 
solution of lead (II) oxide in the LiC1-KCl eutectic melt 


2 


produces Pb(II) and O “; PbO. and PbO, dissolve in the 


2 374 

melt to give oxygen gas and Pb(II). This shows that oxida- 
tion states of lead greater than Pb(II) do not exist in 

the melt. The present author attempted to anodize solutions 
of Pb(II) in the fused LiC1-KCl eutectic at a graphite 
electrode and observed only chlorine evolution. This again 
shows that Pb(II) is the highest stable oxidation state of 


lead in the melt. No reaction between lead and the fused 


LiCl-KCl eutectic was observed. 
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By Adege Rh ak MOBS N sTe-AL 
Apparatus 


The apparatus employed in Part II of this thesis is 
basically identical to that described in Part I. [In the 
silicon study, the silicon rod was suspended into the 
fused LiC1-KCl eutectic by a platinum wire sealed in a 
Pyrex tube. Silicon tetrachloride was introduced into the 
melt using a flow of argon, as follows. Liquid silicon 
tetrachloride was placed into a gas wash bottle, and a gas 
dispersion tube was immersed into the silicon tetrachlor- 
ide. Due to the low boiling point of silicon tetrachlor- 
ide (57.6°C), it was possible to volatilize the silicon 
tetrachloride by passing argon through it, and then bub- 
bling the resulting mixture into the eutectic. The sili- 
con tetrachloride-argon gas mixture was passed into the 
melt through a 3 mm Pyrex tube which was sealed, with 
sealing wax, into a standard taper 14/20 joint in the cell 
head. Cell resistance was measured with an A.C. impedance 
bridge (Type 1650A, General Radio Co., Concord, Mass.). 

For the coulometric oxidation of germanium, a ger- 
manium bar was suspended into the melt by a copper wire 
wound into a groove that was ground near the top of the 
bar. The indicating electrodes used for voltammetric 
scans were made of tungsten wire (5 mm long and 0.5 mm in 


diameter) sealed in uranium glass. Voltammetric scans 
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were carried out with a Metrohm-Polarecord E261 polaro- 
graph. Constant potential electrolyses were carried out 
with a Wenking Model 61 RH potentiostat, using gold elect- 
rodes. Chronopotentiometric measurements employed a gold 
foil electrode approximately 0.4 cm? in area. (The counter 
electrode and reference electrodes were, respectively, a 
carbon rod and a Pt(II)/Pt(0) electrode. Each was housed 
in a separate isolation compartment). The constant cur- 
rent was obtained from a Hewlett-Packard Model 6525A DC 
power supply and was controlled by a switching circuit, 
as shown in Figure 1. A 10 V DC signal, produced by 
this circuit from the AC main, was used to switch current 
from the "dummy cell", Rar to the electrochemical cell, 
using a mercury wetted relay (pin numbers 1-8). The RC 
network between pins 7 and 8 of the mercury wetted relay 
assured that the oscilloscope was fired before current 
from the power supply was sent to the electrochemical 
cell. Traces were recorded on a Model 175A oscilloscope 
equipped with 1750B and 1781B plug-in units and a 196B 
camera (Hew ieee seraray using ASA 3000 Polaroid film. 
The gold-germanium alloy (eutectic composition, 12 
wt. % germanium (34)) was prepared by placing appropriate 
amounts of gold and germanium in a quartz boat which had 
been cleaned by boiling in perchloric acid. The mixture 
was fused under a flow of argon (dried by passage over 


magnesium perchlorate) in a Lindberg Hevi-Duty 54032A 
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FIGURE 1 


Switching: and viurggering, CL_reultaror 


Chronopotentiometry of Germanium 


Gi: AC main ground. 

Go. Power supply ground. 

Hele 10 Henry Choke. 

C) Co: 500 millifarad capacitors. 
C3. 500) microfaradicapacitor. 

Cy. 100 picotarad “capacitor. 

C.. 300 picofarad capacitor. 

Ry: 7 <OONMeEVoOeWatt res estore 

Ro. 330 ohm resistor. 

R.. 10 ohm resistor. 


Po. "POWer SUppDiy. 

S.. Current reversing switch. 

As Amme ter: 

1-8. Mercury wetted relay. 

PIRES Footy switen. 

TRIG. Connection to trigger input of oscilloscope, 
VERT. Connection to signal input of oscrlloscoper 
AMPHENOL SOCKET: 1,4: Connection to anode or cathode. 


3: Connection to reference electrode. 
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furnace in conjunction with a Lindberg Hevi-Duty 59344 
temperature controller. In the thermodynamic study of 
gorge gernantam alloy formation, the alloy was held ina 
Pyrex cup which was attached to a glass rod. Contact 
with the alloy was made with a tungsten wire sealed in 
uranium glass. The germanium bar, used as a reference 
electrode, was suspended from a platinum wire sealed in 
a Pyrex tube. 

The topography of the germanium deposit on a gold 
substrate was studied using both optical and scanning 
electron microscopes: a Carl Zeiss Ultraphot (III) 
Metallograph, a photographic metallurgical microscope 
(Carl Zeiss Oberkochen, Wuertt, West Germany) and a 
Stereoscan S4 scanning electron microscope (Cambridge 
Scientific Instruments Ltd., Cambridge, England). 

Tin and lead are liquid at 450°C, and were anodized 
from an electrode of the same design employed in the an- 
odization of gallium and indium, as described in Part I 
of this thesis. The cell head used in the tin study was 
modified to contain two standard taper 14/20 female 
joints (one joint being used for the introduction of the 
reference electrode, the other acting as an inlet for 
argon gas and the thermocouple), and a standard taper 
19/38 female joint. The standard taper 19/38 joint con- 
tained the tin compartment which was designed to keep an 


atmosphere of tin tetrachloride above the melt, since tin 
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tetrachloride, formed in the oxidation. of Sn(II), slowly 
volatilizes from the melt. This consisted of a Pyrex 
tube, 10 mm in diameter, which was sealed at one end with 
a D porosity sintered glass disk, and aptach oa at the 
other end to a standard taper 19/38 male joint. A side 
arm above the standard taper 19/38 male joint was joined 
to a Teflon stopcock; the sidearm led to two gas wash 
bottles mounted back-to-back, the furthest one from the 
Teflon stopcock being filled with concentrated sulfuric 
acid. The top of the tin compartment was fitted with a 
standard taper 14/20 female joint, into which a Teflon 
stopper was placed. This stopper had appropriate holes 
drilled into it to support the tin electrode and to pro- 
vide an inlet and outlet for the argon gas which was 
maintained above the melt during the anodization of met- 
allic tin. A static atmosphere was maintained in the 
compartment during the oxidation of Sn(II). A hole drilled 
into the cell head served both as an inlet for the graph- 
ite counter electrode and an outlet for the argon gas 
which blanketed the bulk melt. 

The apparatus employed in the lead study was identi- 
cal to that described for indium and gallium in Part I of 


this thesis. 


Procedure 


Melt purification, arrangement of the electrochemi- 
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cal cell, and the procedure employed in carrying out the 
coulometric oxidations and potential measurements have 

been described in Part I of this thesis. The germanium rod, 
and liquid tin and lead pools were anodized to give solu- 
Evons Of GeclL)..Sn (EL). ;ycand Pb L1)-, respectively. The 
Ge(II) and Sn(II) were further oxidized at a graphite 
electrode to Ge(IV) and Sn(IV) after the germanium and 

tin electrodes had been removed from their respective iso- 
lation compartments. Correction of the calculated standard 
electrode potential for the thermoelectric potential bet- 
ween platinum and the indicating electrode was made as 
described in Part I of this thesis. 

In order to obtain reproducible voltammetric curves 
for the germanium system, it was found necessary to hold 
the tungsten microelectrode at positive (chlorine evolu- 
tion) potential for a few moments before each scan. This 
was done in the bulk melt. Similar procedures were found 
necessary to obtain reproducible chronopotentiometric 
curves. The solutions of Ge(II) were prepared coulometri- 
cally. The gold electrode was anodized until all deposits 
of germanium were removed, i.e., until chlorine evolution 
just began. It was necessary to carry out this procedure 
carefully at a low current density (<50 mA/cm?) to avoid 
appreciable anodization of gold into solution.. The elect- 
rode was then momentarily anodized at this potential, the 


current was shut off, and the solution in the compartment 
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was stirred by rotation of the gold flag electrode. Cathod- 
ic chronopotentiometric curves were all run 30 sec. after 
cessation of the anodic current. 

In the thermodynamic study of gold-germanium alloy 


formation, which was a study of the cell: 


Au-Ge alloy(&)/Ge(II) in LiCl-KCl/Ge(s) , 


the previously prepared LiC1-KCl eutectic was fused and 
filtered in order to remove any magnesium present, as 
magnesium ribbon was used in the preparation of the melt. 
A 0.02 M solution of Ge(II) was prepared in situ by 
electrolytic anodization of germanium; the resulting solu- 
tion was thoroughly stirred after cessation of Ge(II) 
generation. The solution temperature was monitored with 
a calibrated chromel-alumel thermocouple sheathed in a 
Pyrex tube. The germanium bar, alloy holder, and thermo- 
couple were placed as close together as possible to mini- 
mize thermal gradients. Potential-temperature measurements 
were made every two hours after a new temperature setting 
had been made. The experiment was conducted under a 
static, dry argon atmosphere. The thermoelectric potential 
between the electrodes was determined in a separate experi- 
ment as previously described, and this potential was sub- 
tracted from the observed cell potential. 

The cross-sectional sample of germanium deposited 


onto gold used in the optical microscopic examination was 
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prepared as follows. A brass cylinder (1" in diameter, 1" 
in length) was placed in a paper cup and a mold was made 
by pouring a mixture of Silastic A RTV mold-making rubber 
and Dow Corning Catalyst 1 (Dow Corning Corp., Midland, 
Michigan) over the cylinder. The mold was cured by heat- 
ing it at 100°C for 24 hours. A small incision was made 
into the bottom of the mold and the germanium-plated gold 
sample was placed edgewise into the incision. The mold 
was then filled with a mixture of Clear Casting Resin 
(House of Plastic, Edmonton, Canada) and catalyst (Algon- 
quingeMantfbacturinguutda., loronto,.Canada)...) [hevplastic 
was hardened at 100°C for 24 hours. The impregnated sample 
was then manually ground smooth, starting with a #240 grit, 
waterproof, adhesive-backed, silicon carbide paper, and 
progressing to a #600 grit. The sample was then treated 
on a polishing lap using a 6 um diamond abrasive and 
"Compound Thinner" as a lubricant (Micro Metallurgical 
Ltd. 74 Thornhill, Ont... Canada)y,, and was, finally treated 
on a finishing lap using Linde B (0.05 um A103) suspended 
in a detergent solution which acted as a wetting agent. 
No sample etching was carried out. The germanium-plated 
gold sample was prepared by treating a gold foil in aqua 
regia, followed by electrolytic polishing in the fused 
LiC1l-KCl eutectic melt. Germanium(II), prepared by the 
coulometric oxidation of a germanium bar, was plated onto 


theagold tol. at. av constant potential of. —-0).86),V.. 
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The thickness of the germanium plate was determined 
with a filar micrometer eyepiece attached to a Tukon 
Tester (Wilson Mechanical Inst. Co., N.Y.) which is used 
for indentation hardness tests where optical measurement 
of indentation is to be made. 

For the scanning electron microscopy study, the gold 
foil was cleaned by scrubbing it in one direction with a 
cotton swab soaked in an aqueous suspension of cerium 
oxide. This had the effect of streaking the gold surface 
so that differentiation of the gold underlay from the 
germanium deposit could be made if the gold surface was 


not completely coated in the electrodeposition process. 
Chemicals and Materials 


Silicon rod (1.4 cm diameter, 5 cm long; 99.9999% 
pure) was obtained from Gallard-Schlesinger, Long Island, 
N.Y. Silicon tetrachloride was obtained from Fisher 
Scientific Ltd. Germanium:rod (0.25" diameter, 99.99% 
pure) was obtained from A. D. Mackay Inc., N.Y. The gold 
used in the thermodynamic study of gold-germanium alloy 
formation was obtained in bar form from Johnson, Matthey, 
and Mallory Ltd., Toronto. Tin wire was obtained in purity 
greater than 99.999% from Alfa Inorganics (Beverly, Mass.). 
Lead wire was also obtained from Alfa Inorganics and was 
99.999% pure. Other chemicals and materials used are des- 


Gribed an Part I of this’ thesis. 
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Ree Sus LS Tes 
Silicon 


The silicon rod was not well wetted when it was 
initially placed into the LiCl1-KCl eutectic melt. Unusual 
behavior, both of the potential of the silicon electrode 
and of the electrode itself, was noted when attempts were 
made to anodize it. In all cases, the potential of the 
Silicon electrode went to values beyond the anodic pot- 
ential limit of the mene (HOrrorV in Tne perlLlonsOotntune 
Silicon electrode immersed in the melt became surrounded 
by a pocket of gas, and the same region of the electrode 
was covered with luminous, géarlet-cdlored sparks. These 
sparks increased in number and intensity when larger 
current densities were employed. The sparking probably 
resulted from passage of current from the electrode, 
through the gas pocket surrounding it, to the eutectic 
melt. The nonwetting of the silicon electrode, gas pocket 
formation, and the large potentials observed during elect- 
rolysis have been described for other systems. These 
phenomena are known as the "anode effect" (5,6). 

Increases in the current density at the silicon 
electrode usually reduced the potential of the silicon 
electrode. This probably resulted from a decrease in re- 
sistance of the electrode as a result of localized heating 


during the passage of large currents, since silicon is a 
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semiconductor material. This explanation is reasonable, 


Since the resistance path of the cell: 
Pt omens GiCi—KClL/ /C int LiCi=-KC1/cu 


(the graphite electrode was suspended from copper and the 
Silicon electrode was suspended from platinum) was measured 
to be 1 megohm, which would result in an IR drop of 5 kilo- 
volts during the passage of a 5 mA current through the cell. 
However, potential drops of approximately 25 V (at 5 mA) 
were noted, and if this potential is solely attributed to IR 
drop in the silicon electrode, the electrode resistance 
would be 5000 ohms. The resistance of the remainder of the 
cell is negligible compared to this value. After the de- 
crease of the potential of the silicon electrode, resulting 
from increases in current density, the potential of the 
silicon electrode then increased as a result of impeded cur- 
rent passage through the large gas pocket that eventually 
formed around the electrode. 

It was occasionally noted that the potential of the 
silicon electrode during electrolysis decreased from values 
outside the potential range of the melt, to values within 
the potential range of the melt. If an oxidized form of 
silicon was produced during this period, it was not reducible 
in the melt, since voltammetric scans of the bulk melt and 
of the solution in which the silicon bar had been electrol- 


yzed were identical, and showed no reduction wave other than 
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lithium deposition. 


Production of white particles (possible SiO accom- 


9) 
panied the period of gas pocket formation around the sili- 
con electrode. Because of the large potentials exhibited 
by the silicon electrode when current was passed through 
it, it was highly likely that chlorine gas was generated. 


Chlorine would then react with silicon to produce silicon 


tetrachloride: 
Si(s) + 2Cl1,(g)—— SiCl,(g). 


(A similar process was postulated by Mashovets and Alek- 
sandrov (35) for the formation of a halide gas film at a 
carbon anode during the electrolysis of fused sodium chlor- 
ide). The silicon electrode was introduced into the melt 
through the top of the outer Pyrex container (see Figure 1 in 
Part I of this thesis), because the silicon bar was too 
large to be introduced into the cell through one of the 
standard taper 14/20 joints in the cell head. As a result, 
it was necessary to remove the cell head from the outer Pyrex 
container - thereby exposing the system to the atmosphere. 
The presence of water vapor in the melt, probably caused 

by atmospheric contamination of the melt, would result in 


Sid, formation: 


2 


Sicl,(g) + 20 “——> Si0,({s) + Nealge 


White particle production was also noted when Sicl, (g) was 
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bubbled into the melt. Because of the nature of the appar- 
atus employed to introduce Sicl,(g), atmospheric contamin- 
ation of the melt could not be completely avoided, so that 
water vapor introduced into the melt would react with the 
Sicl, (g) as described. 

Identification of the gas evolved at the silicon 
electrode by mass spectrometry was not successful, as water 
could not be completely removed from the break-seal tube in 
which the gas was collected, and was present in the mass 
spectrum. However, due to the similar behavior of the gas 
produced during the passage of current through the silicon 
electrode, and that of silicon tetrachloride bubbled into 
the melt (viz., "white particle production", non-wetting 
of the silicon electrode and inner walls of the silicon 
isolation compartment), it is postulated that sicl, (g) is 
produced when silicon is anodized in the LiC1-KCl eutectic 
melt. 

Attempts to cathodize silicon into solution were not 
successful, as the potential exhibited by the silicon elect- 
rode showed that lithium deposition was taking place. 

When silicon tetrachloride was bubbled around the 
Silicon electrode, the electrode maintained a stable pot- 
ential of -0.31 V, in agreement with the potential reported 
by Panzer (7) for silicon. Momentary anodization of the 
electrode caused the potential of the electrode to go to 


values far beyond the anodic potential limit of the melt. 
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This same phenomenon occurred when silicon was anodically 
polarized in the absence of silicon tetrachloride. Moment- 
ary cathodization of the electrode caused the potential of 
the silicon electrode to go to values beyond the cathodic 
potential limit of the melt, potentials at which lithium 
deposition must have taken place. The silicon electrode 
did not reach an equilibrium potential after either 
polarization, nor were the values of the electrode poten- 
tials after each polarization comparable to one another 
five minutes after current cessation. Repeated momentary 
anodizations and cathodizations resulted in the same obser- 
vations. Thus, the silicon/silicon tetrachloride couple 
represents an irreversible system in the fused LiC1-KCl 
eutectic. 

The reduction of silicon tetrachloride in the fused 
LiC1-KCl eutectic was also attempted. Beyond the normal 
melt preparation, the melt in the silicon compartment was 
further purified by constant potential electrolysis at 
-2.0 V, using a large platinum cathode. Silicon tetra- 
chloride was introduced into the melt in a stream of argon 
gas, and was made to pass over a different platinum cathode 
held at a potential of -2.15 V. No visible change of the 
platinum surface took place at this potential. The potential 
of the platinum cathode was then shifted to -2.75 V, and 
prolonged electrolysis at this potential resulted in darken- 


ing of the platinum. When the platinum electrode had been 
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removed from the eutectic melt, washed free of adhering 
salt, and immersed in concentrated hydrochloric acid, gas 
evolution (H.) took place. Introduction of the electrode 
into a bunsen burner flame caused scarlet coloration of 
the flame. Thus lithium was deposited onto the platinum 
electrode. It is therefore concluded that reduction of 
Silicon tetrachloride is not possible in the fused LiCl- 


KCl eutectic. 


Germanium 


Potentiometry 


A total of twenty-seven concentration-potential data 
points were obtained from four separate coulometric oxida- 
tions of the germanium bar electrode at 450°C. The concen- 
Cmacroneor, Geli) Cangedurrome0,00L tO 10) MN. ihe current 
density employed was approximately 2 mA/cm*. A DLOe OL, tie 
cell potential as a function of the logarithm of the Ge(II) 
concentration was linear and had a slope of 0.075 + 0.006 
V/log unit, in agreement with the theoretical value of 
0.072 V/log unit expected for a two-electron process at 
this temperature. The potentials became stable rapidly, 
usually within five minutes after cessation of electrolysis 
and gentle stirring. The standard potential of the Ge(II)/ 
Ge(0) couple was calculated as described for gallium and 
indium in Part I of this thesis, and is -0.792 + 0.008 V. 


Further coulometric oxidation of Ge(II) solutions at 
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a graphite electrode produced visible bubbles at the elect- 
rode at polarization potentials significantly less than that 
of chlorine evolution, suggesting the formation of volatile 
germanium tetrachloride (b.p., 84°C). The standard potential 
of the Ge(IV)/Ge(II) redox couple was determined as follows. 
The Nernst equation for the reaction Ge (IV) . + 2e —>» 


Ge(II) ., where s represents the species in solution, is 


a 
RT Ge (II). 
E= E°! . a tl eee che yh.) is) the «thermodynamic 
Ge (IV) . 


standard potential. This equation can be expanded to: 


= for — RT a 
to es notin Ce(EL an) nFan “Ge (IV) . Cl je 


However, the Ge(IV) produced in the melt volatilizes from 


ic, ands tnue the equidwbraum) reaction sce (nV )em> Sets 


exists. (The subscript g represents the gaseous state of 
Ge (IV) which is GeCl,). The equilibrium constant for this 


reaction is K = and substitution of this 


a Ja ’ 
Ge (IV) g Ge (IV) 2 


relationship into equation (1) for a as well as re- 


LA 
Ge (IV) . 


by [Ge(II) ]Y¥Q, zz)" where YGe (IT) is the 


placing Ge (II). 


activity coefficient of Ge(II), yields equation (2): 


a 
a Sek: RT RT Ge (IV) 
E=E ne (Ge (it) ty in eo (a 
YGe (II) 


which may be expanded to the following relationship: 
aies Ay RT _ RI 
Ec=rkE ap ln [Ge(II)] + = lna a= ln KY Ge (II) 


Ca) 


Ge(IV), 
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Since the Nernst plot for the Ge(II)/Ge(0) couple was lin- 


ear, Yee (II) is a constant, and the last term in equation 


(3) may be incorporated into E°' to give 


Pow n RT 
Bear ai ln [Ge(II)] + aa in a (4). 


SE 
Die thesactLvy ney of germanium tetrachloride gas remains con- 
stant during the oxidation of Ge(II), a plot of E as a 
function of -ln [Ge(II)] will be linear. 

The potential of the graphite electrode drifted in 
the negative direction after cessation of the electrolysis 
current in the oxidation of Ge(II). This behavior is to be 
expected as a result of loss of germanium tetrachloride as 
the gas (see equation (4)). By taking potential readings 
as rapidly as possible, the problem of potential drift could 
be reduced, but not avoided. Using eight data points obtain- 
ed in two separate experiments under the best possible con- 
ditions, and taking the activity of germanium tetrachloride 
gas to be unity throughout, it was found that linear curves 
were obtained upon plotting E as a function of-ln [Ge(II)]. 
The average slope of these two plots was 0.088 + 0.002 V/log 
unit, which is indicative of a two-electron process at 450°C. 
The theoretical slope for a two-electron process at this 
temperature is 0.072 V/log unit. Because germanium tetra- 
chloride gas was continuously lost from the surface of the 


electrode during the oxidation of Ge(II), and during the 
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1G. 
period of potential measurements, the assumption of unit 
GeCl, (9g) activity throughout the experiment is not complet- 
ely valid. However, this assumption is a good approximation, 


because a variation in the activity of GeCl from unity 


4 (g) 
by not more than 5% results in linear plots of E versus -ln 
[Ge(II)], with slopes equal to 0.072 V/log unit. Thus, 
defining the standard state of germanium tetrachloride gas 
produced from the oxidation of Ge(II) at 450°C to be unit 
activity, and setting the prelogarithmic term of equation 
(4) equal to that of a two-electron process, equation (4) 
becomes: E = E° - 0.0717 log [Ge(II)]. Using this equation, 
the standard potentials calculated for the Ge(IV) /Ge(II) 
couple are: -0.664, -0.666, -0.664, -0.667 V, Run 1; and 
-0.666, -0.667, -0.665, -0.663 V, Run 2. These values are 
corrected for the thermoelectric potential of +0.004 V 
between platinum and graphite at 450°C, and are given in 
order of increasing germanium tetrachloride gas evolution. 
The average value for the standard potential of the Ge(IV)/ 
Ge(II) redox couple is -0.665 V with a standard deviation 
of 04002 V- 

From these values of the standard potentials of the 
Ge (II) /Ge(0) and Ge(IV)/Ge(II) redox couples, the standard 
potential of the Ge(IV)/Ge(0) redox couple was calculated 
to be -0.728 + 0.008 V, and the equilibrium constant for 
the reaction 2Ge(II)—* Ge(0) + Ge(IV) was calculated to be 


Oo ax Ome i mo1?, The standard potentials of germanium 


Oi 7 _ 
«a @\ et EAs iis ere 


ne ah i \ mf aes ; 
r a ten 
ing. O% ft ‘obsqatusen 2 


' u Yo! 


7 1 - AD 
~telqmes ton ef treats 


s J 

wy rae es ‘co —— 

Dita Ce oD £ 
‘ .s = 


i" oe: 
(he eee! « ah 


say Sty etoikg: # see? src eiMn a 

| | oe 
: j ‘ i aa er A 1s | 
ot eee POLAY StO.6 ea fe Cpr ? soqole , 


( 3 ee 


IS83IS3 on nae > eshte bastion wd | nate 


vi 
~_ 
>» 
- 
ra é 
wy 
= 
Ww! 
~ 
z 
a= 
i 
i 
>: 
a) 
a 
— 
a 
= § 
a) 
eS 
= a 


PSO (VE) emg 202 becaTon fee aia thiors§ Ba 


f ,hd2.0- 288.14 898.0 vad 
- " .V €3a. 0+ 888.0 eta 
non, tiation Sittosl scartety oe ee 
i i ; ‘ye ai ibaa ‘oes —- 


, tt? Oe ie C | ; 27- S27? mh Lit fi, The ga (evotoat t 


ELE EU ira ad E 
; 3 Prebotse act: _ on ae y” std 
tabasse 4 todw VY 80a) 0+ eb s é 
y» ' ; 
-@ 
i] 
2 ot , Pare we fame i | - | 
© ale tiasiog frmivste eit 2o woylay one 
Ti %, 2aliitos Reyls: 
Bu. * a te Ae Os RO = § (7T} ouvir r) ein bang 


te 
A05IABD £8w Siqvao KOoST (B} Be WI) ee 


MPEKOS Suirdifitine queig bie iy wail 
- , ~~ 


Te 


on the molar, molal, and mole fraction scales are tabulated 


in Table I below. 


TABLE I 


Standard Potentials of Germanium Couples 


As ‘ a Standard 
eons 2 molar e molal 2 X Deviation 
Ge (II) /Ge (0) =0207 92 -0.792 -0.792 0.008 
Ge (IV) /Ge (II) * -0.665 -0.681 SOR & 08002 
GeN(IVy/GeX On len eH0!. 728 “0 736 = 02578 lease 008 


* 
Based on a two-electron process. 


t Calculated from experimental free energies. 


Attempts to cathodize germanium metal into solution 
were not successful. The only reaction observed was lith- 
ium deposition onto germanium, at approximately the standard 


potential of the Li(I)/Li(0) couple (32). 


Voltammetry 

A voltammetric scan of the electrolyte alone, using 
a tungsten microelectrode (which had initially been held at 
chlorine evolution potential) as the indicating electrode, 
showed a limiting anodic current at about +0.2 V (chlorine 
evolution), a limiting cathodic current at -2.6 V (lithium 
deposition), and a sharp cathodic peak at -0.56 + 0.05 V. 


This cathodic peak was not due to melt impurities but was 
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highly sensitive to electrode treatment and history. Elim- 
ination of the pre-scan anodization reduced the peak to 
about 5% of its previous value. This peak is attributed 

to the reduction of adherent insoluble polymeric chloride 
films (36) formed when the tungsten microelectrode was 
anodized in the bulk melt. 

Addition of Ge(II) to the melt (by anodization of a 
germanium rod) produced an additional cathodic wave whose 
half-wave potential was -0.76 V, in reasonable agreement 
with the standard potential, -0.79 V, of the Ge(II) /Ge(0) 
couple, as shown in Figure 2. The wave height increased 
with increases in the Ge(II) concentration, but the relation- 
ship was not strictly linear. Curve A in Figure 2 shows 
the latter stage in the reduction of the insoluble polymeric 
chlorides at potentials more positive than -0.74 V, followed 
by Ge(II) reduction. Curve B represents a voltammetric scan 
for which the tungsten microelectrode was not preanodized 
in the bulk melt. When the scan was first made toward more 
negative potentials, then reversed, an anodic process began 
to appear at about -0.75 V, corresponding to the reoxidation 
of the deposited germanium (Figure 3). This study indicates 
that constant-potential electrodeposition of germanium 


should be possible at potentials more negative than -0.8 V. 


Chronopotentiometry 


In order to observe the behavior of Ge(II) reduction in 
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the melt under conditions of constant current electrolysis, 
a chronopotentiometric study was carried out. Chronopoten- 
tiometric curves were run at current densities between 12 
and 40 mA /cm?. A typical curve is shown in Figure 4. The 
transition region indicated as B was well defined in all 
cases. The transition(s) at C and beyond were poorly de- 
fined at low current densities but became more distinct 

at current densities greater than 25 mA/cm? . The length 

of the first transition was taken from the origin, A, to B, 
although an initial dip close to A was observed on all 
curves. It is believed that this initial dip is due to 
formation of surface Au-Ge alloy. The transition B is 
ascribed to the exhaustion of Ge(II) at the electrode sur- 


1/2 


face in the usual manner. The Sand equation, it 
n/*npap/2c/2, is obeyed for this process as shown in 
Figure 5, and from the data of Table II the diffusion 
coefficient of Ge(II) was calculated to be 2.2 x 10> 
cm/sec, in agreement with values for other divalent ions 

in this solvent (37). 

Using low current densities, and careful observation 
of the electrode during chronopotentiometry, it was observed 
that the clean gold electrode took on a bright, mirror-like 
silver finish soon after the cathodic current flow began. 
With continued electrolysis the finish continually dulled, 


until after the end of the first transition, B, when massive 


black deposits began forming. These deposits, unlike the 
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Chronopotentiometric Data* 
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initial finish, did not adhere to the electrode and could 
be knocked off by gently agitating the gold electrode. 

The data for the transitions observed is given in 
Table II. Measurement of ea data was difficult due to 
the fact that not all chlorine generated in the vicinity 
of the gold electrode could be removed. This led to vary- 
ing initial values of potentials. To circumvent this 
problem, the "true" potential of this point was taken from 
the chronopotentiogram where the lowest current density 
was used to anodize the germanium from the gold electrode. 
All potentials were then measured from this point. 

At low current densities (less than 17 mA /om*) no 
transition other than the first could be defined. At 
higher current densities, other transitions became notice- 
able, especially a well-defined second one. It has been 
shown by Berzins and Delahay (38) that the Sand equation 


for a second transition is given by: 


Lee oe 1 2 1/2 
(T) + To) T) = 7 nFAD, Co/2i . 
A plot of 1/i versus (Tt) + ese = Sa was made for the 


second transition, but it was found that no linear relation 
existed. The formation of the black, massive germanium 
deposit noted at the end of the first transition (B in 
Figure 4) permits the nonlinearity of the plot of 

(t, + hae - chee versus 1/i to be ascribed to the rap- 


idly changing electrode area upon which the 
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germanium was being deposited. Third transitions were 
noted at large current densities. These were ill defined, 


again probably due to rapid electrode area changes. 


Thermodynamics of Gold-Germanium Alloy Formation 


The gold-germanium phase diagram has been established 
(34) and shows simple eutectic formation at 12 wt.% ger- 
Manium. Using this alloy composition, the potential of the 


cell 
Au-Ge(12 wt.% Ge, %&)/Ge(II) in LiC1l-KC1/Ge(s) 


was studied over the temperature range from 400°C to 500°C. 
A preliminary study of the cell showed that Ge(II) is not 
stable in the LiC1-KCl eutectic melt over extended periods 
of time when a flow of argon is maintained above the cell 
assembly; germanium needles grew from the germanium bar 

and the interior of the upper, cool portion of the appara- 
tus became coated with a white material, presumably GeCl,. 
It was concluded that Ge(II) disproportionates to Ge(IV) and 
the metals, fsckia2Ge(1t) —Get0) teGetiV)q where Ge (IV) 
exists as germanium tetrachloride gas. The equilibrium 


constant for the disproportionation reaction is 1.69 x ie 


asi 


man@athustitor ag0°02 Mssolution’ ofeGe(TT),, axcon- 
centration of Ge(IV) equal to 7 x Lose Mis required to 
maintain equilibrium conditions; however, since Ge(IV) 


is volatile as GeCl,(g), the disproportionation reaction 
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is slowly forced to the right. To minimize this effect, a 
static argon atmosphere over the cell was necessary; other- 
wise, the Ge(II) concentration was reduced to the point 
where reversible potentials were not obtained. 

The temperature-potential measurements of the alloy 
cell are shown in Figure 6. Data were taken by alternately 
raising and lowering the temperature; no hysteresis in the 
cell potential was observed. The cell potential at any 
given temperature was constant (within 0.1 mV over a 15 
min. interval). These facts, together with the observation 
that the equilibrium cell potential recovered its initial 
value after passage of small amounts of current in either 
direction through the cell, showed the system to be rever- 
Sible. The potential at both the Ge(s) and Au-Ge (12 wt.% 
Ge, &) electrodes is dictated by the concentration of 
Ge(II) in solution, since the extent of the reaction 
2Au(0) + Ge(II) —~> Ge(0) + 2Au(I) is small,as can be seen 
from the standard potential of the Au(I)/Au(0) couple, 

EOne2 Orv aC. 2))e. 

The partial molar entropy of mixing for germanium 
in the alloy can be determined from the slope of Figure 
6 and the relationship asmex = nF(dE/daT), where n is the 
charge on the Ge(II) ion, F is Faraday's constant, and 
dE/dT is the slope of the potential-temperature plot. 

The partial molar free energy of mixing for germanium, 
nee: at 450°C is directly calculable from the open 


Ge ’ 
circuit potential of the galvanic cell at this temperature. 
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The partial molar enthalpy of mixing for germanium, eae Ne 
is calculable from AG and Sag: For the alloy Au-Ge 


(12 wt. % Ge), the following parameters were determined: 


asme* = 14.2 + 0.2 e.u. (AE/dT = 3.07 + 0.04 x 10 V/K)G 
es = -1.24 + 0.02 kcal/mole; and dias = 920 ONO LO 


kcal/mole. By considering the Nernst equations for 
the half-cells Ge(II) + 2e ——» Ge(alloy) and Ge(0)——~> 


Ge(II) + 2e , it can be shown that E = -2.303 ee log 


cell 
Hasietlaieyay where Eoell = 26.8 + 054° mV ate /23.K. (atter, cor- 
rection for the thermoelectric potential of +9.4 mV between 
the germanium bar and the tungsten wire used to make con- 


tact with sthesalloy), andva is thepactivity, oF 


Ge (alloy) 
germanium in the alloy, which was calculated to be 0.426 + 

0.010. Defining y as the activity coefficient of germanium 
in the alloy and X as the mole fraction of germanium in the 


alloy, then a = yX (where X = 0.270) gives a value 


Ge (alloy) 
Ofly = a57Ft 0/03. “Table III gives a‘comparison of-.the 
thermodynamic properties measured in this work with those 
of other Au-group(IV) element alloys (39,40). It should be 
noted that the interaction between gold and germanium is 
small as are the interactions between gold and tin, and 
gold and lead. 

The dip shown at A in Figure 4 corresponds to a 
shift of approximately 50 mV in potential. The open circuit 
potential corresponding to the partial molar free energy of 


mixing for germanium was found to be 26.8 mV. The gold- 


germanium composition at A is not exactly known, but the 
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50 mV potential shift at A is of the same order of magni- 
tude as the open circuit potential of the cell at 450°C, 
and strongly indicates gold-germanium alloy formation. 
Using a current density of 50 mA /cm for approximat- 
ely 3 patonccl Ge(II) was reduced at the gold electrode 
and this plate was then anodized. The BoA for the anodic 
chronopotentiogram (Figure 7) was -0.46 V as compared to 
E/4 for the reduction chronopotentiogram which was of the 
order of -0.84 V. The potential of the anodic chronopoten- 
tiogram did not rise sharply, i.e., oxidation of germanium 
was extended over a large period of time. This behavior is 
also indicative of alloy formation. The dashed line AB 
(Figure 7) is the behavior expected for the oxidation of 
germanium in the absence of alloy formation. The wavy 
nature of the chronopotentiogram (Figure 7) is due to 


chlorine evolution. 


Topography of Germanium Deposited onto Gold 


A Optical Metallography 

Micrograph 1 is a cross-sectional view of germanium 
deposited onto gold, as previously described. The middle 
band, which appears most heavily scratched, is the gold 
substrate; it was found to have an average width of 160 
um. Since the original width of the gold flag was 250 um, 


there was considerable reduction (90 um or 35%) in the 
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93% 
width of the gold. The outer layers were found to have a 
total width of 340 um, and are not pure germanium. They 
most resemble the gold-germanium eutectic, which can be 
discerned by its structure (41). In several regions the 
germanium penetrated the gold band, in tracks, so that both 
outer layers were connected. These tracks had a blue-grey 


coloration to them. 


Bae Scanning Electron Metallography 


Several reviews have been published describing the 
scanning electron microscope (42,43,44). Basically, the 
scanning electron microscope operates as follows. A hot 
tungsten filament acts as a source of a thermionically 
emitted electron beam whose diameter is reduced from 50 um 
to 10 nm by magnetic lenses. The resulting electron beam 
represents a very small probe, and a large depth of field 
of view can be attained with this probe. Between the 
Magnetic reduction lenses is an electrostatic or magnetic 
field which deflects the electron beam in both horizontal 
and vertical directions so that the electron probe scans 
the surface of the specimen in a raster fashion. Secondary 
electrons emitted from the sample are collected, amplified, 
and displayed on a cathode ray tube in synchronism with 
the scanning electron beam. The net result of this process 
is to create the exact image of the specimen on the cathode 


ray tube that was scanned by the electron probe. Image con- 
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trast results from signal variations in the number of second- 
ary electrons produced. 

Electron micrographs obtained on a scanning electron 
microscope have a three-dimensional appearance. This may 
be fully exploited by obtaining a stereographic view of the 
surface, which is accomplished by taking two exposures of 
the specimen and altering the angle of the specimen with 
respect to the electron probe between exposures. When the 
two micrographs are combined, by observing the pair through 
a stereoscope, a stereographic view is obtained. The magni- 
ficiation which can be achieved with the scanning electron 
microscope ranges from 20 X to 100,000 X, and the micro- 
scope has a resolution of about 100 A. 

Scanning electron micrographs were taken of numerous 
samples of germanium deposited onto gold. The samples were 
obtained either by allowing the sample to slowly cool in the 
LiC1-KCl eutectic melt as the melt froze, or by withdrawing 
the sample from the eutectic melt and rapidly cooling it to 
room temperature. Needle-like deposits, composed of german- 
ium, were noted in all experiments utilizing constant poten- 
tial as the mode of electrodepositing germanium. These 
needles varied up to 1 cm in length and up to 200 um in 
width, and grew from the gold-germanium interface into the 
solution. A scanning electron micrograph of a typical 


needle is shown in Micrograph 2. 
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95 
A Micrographs after First Transition Time - Sample 

Rapidly Cooled. 

To the naked eye, the surface had a bright, silvery 
appearance. The germanium deposit did not completely coat 
the gold surface, as small regions of the gold underlay were 
readily visible. A micrograph at 2 magnification of 100 X 
confirmed this visual observation, and showed the germanium 
deposit to be smooth. At a magnification of 1000 X, Micro- 
graph 3, the streaked gold underlay is clearly visible; the 
germanium deposit about the underlay rises to a ridge before 


forming the bulk deposit. 


Ine Micrograph after Second Transition Time - Sample 

Rapidly Cooled. 

Visual examination of the sample showed the deposit 
to be silver-like in color with most of the gold underlay 
being covered. The germanium deposit covered more of the 
gold underlay in this sample than in the previous one. This 
is to be expected, as more current is passed in going to 
the second transition than is passed in going to the first 
transition. Ae magnification of 5000 X, Micrograph 4, 
the surface shows a veined structure, and portions of the 


gold underlay are discernible. 


ae Micrograph of the Surface after Flash Constant 


Potential Electrolysis of Ge(II) - Sample Rapidly 
Cooled. 
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This sample was prepared by applying a constant 
potential of =-0285,V to the gold flag for a period of no 
longer than 10 seconds. The deposit was bright silver in 
color, and covered all of the gold surface. Total surface 
coverage is not surprising because of the large initial 
current obtained when a constant reducing potential is 
applied to the working electrode. A micrograph at a mag- 
nification of 10,000 X, Micrograph 5 shows the surface to 


be extremely smooth. 


A. Micrographs of the Surface after Extended Constant 


Potential Blectrolysis of Ge(il), — Sample Rapidly 
Cooled. 


The gold foil electrode was electrolyzed at a con- 
stant potential of -0.85 V over a period of 20 hours in a 
solution which was originally 0.2 M in Ge(II). A massive 
group of germanium needles were found adhering to the gold 
electrode at the end of the electrolysis period. 

AtrasmMagnivieucatson.or.2000.%,—5MLCLrOogLapii.6,,..a 
stereographic pair, shows a predominantly smooth, striated 
underlay over which appears a rosette formation. In some 
areas, "bubbles" are found together with the rosettes. 
The rosettes may be regions where germanium needles broke 
off from the surface deposit, or may be indicative of gold- 
germanium alloy formation. In certain regions, the stria- 


tions do not run in one direction, but appear to change 
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directions. Where this occurs, a V-like pattern is formed. 
This is shown at a magnification of 2000 X in Micrograph 7, 
which is also a stereographic pair. A region of the stri- 
ated surface was found where thermal cracking occurred as 
a result of the rapid sample cooling. Micrograph 8 (5000 X) 
depicts this feature and shows the deposit to be layered. 


The cracks are at least 3 um deep. 


he Micrograph, of) the (Surface ‘after’ Extended Constant 


Potential Electrolysis of Ge(II) - Sample Slowly 
Cooled. 


The deposition of germanium took place as described 
for the previous sample. To the naked eye, the sample 
looked much like brass, and its surface was rough in appear- 
ance. Micrograph 9, at a magnification of 1000 X, shows 
the surface to be veined and cluttered with "debris", the 


debris most likely being particles of germanium. 


6. Micrograph of the Surface after Extended Constant 
Potential Electrolysis of Ge(ll) = Sample Slowly 
eocieaea 
The deposition potential employed for the production 

of this sample was -0.80 V. Again, the initial concentration 

of Ge(II) was 0.2 M. The deposit was aluminum-colored, and 
contained regions where the gold underlay was visible. No 
large germanium needles were produced, but the black, bulky, 


nonadherent deposit evident in all electrolyses (except 
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for the constant current electrolysis of Ge(II) to the 
first transition) was noted. The sample had a dull finish, 
and was fairly smooth in appearance. The topography of 
this sample, as shown in Micrograph 10 at a magnification 
of 5000 X, depicts flat-topped, steeply rising protrusions 


that are joined to one another. 


Ls General Remarks 

Rapidly cooled samples of germanium deposited onto 
gold gave rise to nooner surfaces than did the samples 
which were slowly cooled. This is not surprising, since 
rapid cooling of the sample to room temperature will tend 
to retain the composition of the alloy as it was at 450°C, 
and hence, retain most of the surface features of the 
alloy at that temperature. (All deposits of germanium on 
gold in the melt at 450°C had a smooth appearance). Slow 
cooling of the sample from 450°C to room temperature allows 
gold and germanium to separate as dictated by the phase 
diagram of this system; hence, a rougher surface is pro- 
duced by slow sample cooling. 

Use of large current densities, i.e., use of more 
negative reduction potentials in the reduction of an 
electroactive species from solution generally leads to a 
rough surface formation, while use of small current densi- 
ties, i.e., use of more positive reduction potentials leads 


to a more uniform surface formation. Thus, the topography 
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of the sample obtained by reduction of Ge(II) at -0.85 V 
was much rougher than that of the sample obtained by re- 
duction of Ge(II) at -0.80 V (see parts 5 and 6 above). 
Tin 

A liquid tin pool was anodized to prepare a solu- 
tion of Sn(II) for use in the determination of the standard 
potential of the Sn(IV)/Sn(II) redox couple. In the course 
of this anodization, eight concentration-potential data 
points were collected so that a comparison of the value of 
the Sn(II)/Sn(0) standard potential could be made against 
the value obtained by Laitinen and Liu (32), who electro- 
lytically reduced Sn(II) (added to the melt as anhydrous 
tin(II) chloride) in stages to obtain concentration-poten- 
tial data. The current density employed in the anodization 
2 


of the tin pool was approximately 40 mA/cm The concent- 


2 to 0.194 M. A 


ration of Sn(ll) ranged from 1.66 x 10" 
plot Of log [Sn(iLl)} asa function of the celrpocential 

was linear arid had a slope of 0.071 f 02002°V/Log ‘unite, in 
agreement with ae theoretical value of 0.072 V/log unit 

for a two-electron process at 450°C. The standard potential 
determined for the Sn(II)/Sn(0) couple was -1.079 V, with 

a standard deviation of less than 1 mV. This value, cor- 
rected for the thermoelectric potential between platinum 


and tungsten, compares favorably with the value of -1.082 + 


D700 Zev obtained bY Lautinen and-Uiu (32) 3 
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The Sn(II) solution was further oxidized to Sn(IV) 
at a graphite electrode after the tin electrode had been 
removed from its isolation compartment. The current den- 
Sity employed for this process was approximately 0.6 mA/om*. 
Few points could be taken in any one experiment because, as 
the anodization of Sn(II) proceeded, the polarization pot- 
ential of the graphite anode steadily drifted to more 
positive values. In order to maintain the polarization 
potential below chlorine evolution (~+0.3 V), the experi- 
ment had to be interrupted repeatedly, whereupon the 
graphite anode was shaken in the melt. This alleviated the 
problem somewhat, but did not completely eliminate it, as 
the amount of current which could be passed between inter- 
ruptions became progressively smaller; eventually it became 
impractical to continue the experiment. Careful observa- 
tion of the graphite electrode did not reveal tin tetra- 
chloride gas evolution. Agitation of the graphite elect- 
rode during electrolysis did not reduce the increasing 
polarization potential, and hence this phenomenon cannot 
be attributed solely to concentration polarization of the 
Grvaphwce anode, l.c.7) tortie cepletion Of on{ll)e- at the 
surface of the graphite electrode. Although the polarization 
potential increased during the oxidation of Sn(II), it did 
not stop at chlorine evolution, but went several hundred 
mV beyond that potential. Normally, anodization of a 


Graphite electrode in the) fused LiCl-KCl eutectic results 
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in chlorine evolution, and at low Surrent densities this pro- 
cess. occurs at a constant potential of about +0.3 V. These 
observations can be explained on the basis that the tin tet- 
rachloride gas formed in the anodization of Sn(II) is adsorb- 
ed onto or into the graphite electrode; it is nonconductive, 
so that a greater potential is required to pass current 
through the graphite anode. After current cessation, stirring 
of the solution with the graphite anode resulted in the 
return of its potential to a steady value well within the 
potential range of the melt. The tin tetrachloride gas 
adsorbed onto or into the graphite anode during Sn(II) oxi- 
dation must dissolve in the melt during this time. Fourteen 
data points were thus collected in three separate experi- 
ments; the concentration ratio of Sn(II) to Sn(IV) varied 
ErOMwO. COmtOpo.0 Osh AupivotaOtanloge sion. LL)s| jon (LV livasea 
function of the observed cell potential was linear, and 
hadvawslopeso£,0..0635+ O05005JV/log unit, injfair agreement 
with the theoretical value of 0.072 V/log unit for a two- 
electron processuat 45082C. sltyissnot: surprising that the 
value of the slope obtained in the Nernst plot is low, as 
Sn(IV) volatilized slowly from solution as SnCl,(g). This 
was evidenced by the slight presence of white fumes when 
the tin compartment was exposed to the atmosphere at the 
end of the experiment. (Delarue (4) has reported the 
volatility of tin tetrachloride from the LiC1-KCl eutectic 


melt. He oxidized Sn(II) with Cu(II) and noted the evolution 
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| 


Of tin tetrachloride gas). LOSssr OL sniiV)) by volatilyzation 
of SnC1, (g) was not serious, as the potential of the graph- 
ite electrode remained constant (maximum drift was 4 mV 
in 30 minutes) after cessation of Sn(IV) generation and 
stirring. The standard state of Sn(IV) was taken as unit 
concentration of Sn(IV) in solution. The standard potential 
of the Sn(IV)/Sn(II) redox couple was determined to be 
-0.310 + 0.003 V; this value has been corrected for the 
thermoelectric potential of +0.004 V between platinum and 
graphite at 450°C. In view of the adsorption of Snc1,(g) 
onto the graphite electrode, and the possibility that not 
all SnC1, (g) was desorbed, the standard deviation of +0.003 V 
must be taken to represent the lower limit of uncertainty 
in the standard potential of the Sn(IV)/Sn(II) couple. 
Delarue (4) carried out a voltammetric study of 
the oxidation of Sn(II) at a graphite electrode in the 
LiC1l-KCl eutectic melt, and reported the half-wave potential 
forcthenoxtdatlon of-om@ln). como (ly) to ber0.0, Vi. This 
value is reasonable, since Delarue (4) has shown that 
Cu(II) will oxidize Sn(II) to Sn(IV); therefore, the 
standard potential - which is approximately equal to the 
half-wave potential of a voltammetric curve - of the 
Sn(IV)/Sn(II) couple must be less than +0.061 V, the 
standard potential of the Cu(II)/Cu(I) couple (32). However, 
the value of the half-wave potential determined by Delarue 


(4) did not correspond to the standard potential of the 
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Sn(IV)/Sn(II) couple determined in this work, and the 
voltammetric study was therefore repeated. A graphite rod, 
sharpened to a point and dipping into the melt a distance 
of 1-2 mm, was used as the indicating electrode. Scanning 
anodically, only one wave was observed, and the half-wave 
potential of this wave was found to be -0.31 V, in excel- 
lent agreement with the standard potential of the Sn(IV)/ 
Sn(II) redox couple determined in this study. Reduction of 
Sn(II) at the graphite microelectrode gave rise to large, 
ill-defined waves as expected, due to the large concent- 
ration of Sn(II) present. The voltammetric wave crossed 
the zero current axis at -l.1l V, in agreement with the 
standard potential of the Sn(II)/Sn(0) couple. The dif- 
ference between Delarue's value (4) of the half-wave 
potential for the oxidation of Sn(II) to Sn(IV) and that 
obtained in this study can be explained as follows. 
Delarue employed larger current densities and longer electro- 
lysis times to obtain voltammetric data in the oxidation 
Of Srl) torsn(iVj(33). This would have resulted in’ the 
adsorption of SnCl, (9) onto the electrode, thereby causing 
a significant shift of the half-wave potential in the 
positive direction. Also, Delarue (4) did not purify his 
melt, nor was his cell kept under an inert atmosphere, so 
contamination of the melt by traces of water and oxygen 
may account for all or part of the discrepancy. 


Reversibility of the Sn(IV)/Sn(II) couple was 
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TOG, 
determined by a micropolarization technique. Small amounts 
of current were passed in either direction through the 
graphite electrode, and it was observed that the open cir- 
cuit potential of the cell recovered its initial value 
within 30 seconds of current cessation. | 

From the standard potentials of the Sn(II)/Sn(0) 
and Sn(IV)/Sn(II) couples, the standard potential of the 
Sn(IV) /Sn(0) couple was calculated to be -0.694 + 0.003 V, 
and the equilibrium constant for the reaction 2Sn(II) => 


11 Teo lhe 


Sn(0) + Sn(IV) was calculated to be 1.88 x 10. 
Thus Sn(0) and Sn(IV) will react quantitatively to produce 
Sn(II). The standard potentials of tin are reported on 

the molar, molal, and mole fraction scales in Table IV, 
p.-109, and the equilibrium constants for the disproportiona- 


tion of the other divalent group IVA cations are given in 
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Lead 

In an attempt to determine the standard potential of 
the Pb(IV)/Pb(II) redox couple, a lead pool was coulometri- 
cally oxidized te initially produce a solution of Pb(II). 
Ten concentration-potential data points were collected dur- 
ing this anodization so that the value of the standard 
potential of the Pb(II)/Pb(0) couple could be determined and 
compared with that calculated by Laitinen and Liu (32), who, 
as in the determination of the standard potential of the 


Sn(II)/Sn(0) couple, obtained concentration-potential data 
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by coulometric reduction of Pb(II) which had been added 

to the eutectic melt as anhydrous lead(II) chloride. The 
current density employed in the oxidation of the lead pool 
was approximately 40 mA/om*, and the concentration of 

Pb(II) varied from 2.00 x 1077 to 0.126 M. A plot of log 
[Pb(II)] against the observed cell potential was linear, 

and had a slope of 0.072 + 0.002 V/log unit, in agreement 
with the theoretical value of 0.072 V/log unit for a two- 
electron process at 450°C. The standard potential calcu- 
lated for the Pb(II)/Pb(0) couple, corrected for the thermo- 
electric potential of +0.005 V between platinum and tungsten, 
was -1.093 + 0.002 V, which is in agreement with the value 
Ome be Ol te 0. 002 Veobtainedebypualtinen, endiiui1u, (32)) for 
the same system. 

Attempts to further oxidize Pb(II) at a graphite 
electrode (current density employed was approximately 0.6 
mA /cm*) resulted only in chlorine evolution. This means 
that Pb(II) is the highest oxidation state of lead obtain- 
able in the fused LiC1-KCl eutectic (in accordance with 
Delarue's study (4) of lead oxides in this melt), and 
that the standard potential of the Pb(IV)/Pb(II) redox 
couple must be greater than the standard potential of the 
Cl, (g) /C1- couple, +0.322 V, which was determined by 
Laitinen and Pankey (45). From the value of the standard 
potential of the Pb(II)/Pb(0) couple determined in this 


study, and the knowledge that the standard potential of the 


, . _ 
°) a a 7 


> 


od Be ates Ge Tend: 
; ay or Kee ad 7 ii 
ma aE (12) be ae auO? xb eilits ae ap SE cis 


_ 
ie 


= 


. . : é a ™ 7 bh 
er? 10 noits tod : 


AJ PS2IRSSeS Sf 
4 > Ce ry 
{ * aa wf 
a fT C 
. 
am OX 
4a des 7 
‘ phe 
' 
j 
~ 
> - 
=Y 
e 
[ xfs 
' 
7 ile 
oe ee 
f 3 
} mos 
‘ é 
» © 2 
Lim 
v 
4 / i] 


+ 20 suley. ois mors 
ow 


ro 7 
29330 siqthos. (oye {ft 
—< - _ 


aad 


x 


! Ss : - 


20'S 


Pb(IV)/Pb(II) couple must be greater than +0.322 V, it can 
be shown that the standard potential of the Pb(IV)/Pb(0) 
redox couple must be more positive than -0.386 V, and that 
the value of the equilibrium constant for the reaction 
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Discussion of Standard Potentials 


Table IV, p.109, summarizes the standard potentials 
of the group IVA elements on the molar, molal, and mole 
fraction scales. Two limiting cases were encountered in 
the determination of the standard potentials of the Ge(IV)/ 
Ge (II) and Sn(IV)/Sn(II) couples. The first case corres- 
ponds to the situation where both forms of the redox couple 
are soluble in the eutectic melt. The other case corres- 
ponds to the situation where the reduced form of the redox 
couple is soluble in the melt, but the oxidized form vola- 
tilizes from it. Although tin tetrachloride is somewhat 
volatile from the fused LiCl1-KCl eutectic, it was not gen- 
erated in derae enough guantities in this work to signifi- 
cantly volatilize from the melt, and therefore the Sn(IV)/ 
Sn(II) couple represents the first case. The Nernst 
equation for this system is: 


TSMERDEL 2a fiiiieg skoepe seal 
[Sn (IT) ] Sn (IT) 


E = E°' + 0.0717 log 
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TABLE IV 


Standard Potentials of the Group IVA Elements in 


Picl-KCls Eutectic, 450°C 


Standard 


° (eo) fo} 
oystem = molar 2 molal 2 78 Deviation 

Cc >+0.322 >+0.306 >+0.216 - 

Si - - - no Kev. pot. 
Ge (II) /Ge (0) -0.792 -0.792 -0.792 0.008 
Sn (II) /Sn (0) -1.079 -1.079 -1.079 <0*.,.002 
Sy Salone ano oe eae -1.082 0.002 
Pb (II) /Pb (0) -1.093 -1.093 -1.093 0.002 
PHC ED (Ogee dO Testor -1.101 0.002 
Ge(IV)/Ge(II) -0.665 -0.681 -0.771 0.002 
Sr (LV) /Sndit) »-09310 -0.326 -0.416 0.003 
PoC hy yell) + Onl 2 >+0.338 >+0.428 not measurable 
Ge (IV) /Ge(0)* +-0.728 -0.736 -0.781 0.008 
Sn(IV) /Sn(0)*. -0.694 -0.702 -0.747 0.003 
POCLV PARD (0).442—0 2386 >-0.394 >-0.439 estimate 


T Reference 29. 


* 
Calculated from experimental free energies determined 
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Since plots of E as a function of log Sn(IV)/Sn(II) were 


linear, the above equation can be re-written as: 


[Sn (IV) ] 
[Sn (IT) ] 


E = E° + 0.0717 log 


This latter form of the Nernst equation was used to deter- 
mine the standard potential of the Sn(IV)/Sn(II) couple. 

The standard state of Sn(IV) and of Sn(II) was taken as unit 
concentration of the species in solution. 

The Ge(IV)/Ge(II) redox system represents the other 
limiting case, i.e., the situation where the oxidized form 
of the redox couple volatilizes from the melt. As pre- 
viously derived, the Nernst equation employed in the deter- 
mination of the standard potential of the Ge(IV) /Ge(II) 


couple was 


= o _ | 
E=E 0.0717 log [Ge(II)] + 0.0717 log cree Gata tet 


In using this expression, a different definition of the 
Standard state of a gas was employed, namely that the 
activity of germanium tetrachloride gas produced through- 
out the anodization of Ge(II) is unity. The standard 
state of a gas is normally defined as the pure gas at one 
atmosphere pressure at the operating temperature of the 
system. Under the conditions of these experiments, ger- 
manium tetrachloride gas volatilized from solution 

as it was produced, and hence, was not present at one 


atmosphere pressure during the measurement of the cell 
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potential. However, if the activity of the germanium tetra- 
chloride gas was only one-tenth of its defined value (unit 
activity) during measurement of the cell potential, a 
change of -0.072 V in the standard potential of the Ge(IV)/ 
Ge(II) redox couple would occur, and this would not alter 


the overall trend of the M(IV)/M(II) standard potentials. 
Stabpwirty of thesM(th) Oxidation State 
Table V below summarizes the values of the equilib- 


rium constants for the reaction 2M(II) —> M(0) + M(IV): 


TABLE V 
Stability of the M(II) Oxidation State of the Group IVA 


Elements in LiCl-KCl Eutectic at 450°C 


Reaction Equilibrium Constant (1 On) 
Nee ay aes ealan (ls(sish ee ages 
SS 
Se GnbjeS evi) 6 Gate 1.88 x 10°" 
aD 
2Pb(IT)——» Pb(0) + Pb(IV) rx lone” 
——— 


From this table, it can be seen that the order of ion 
stability is Pb(II) >sn(II)>Ge(II). It is thermodynamically 
unfavorable for Ge(II) to completely disproportionate, but 
the reaction is forced to completion by the volatility of 


Ge(IV) (germanium tetrachloride gas) at 450°C. Tin(II) and 
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Pb(II) are very stable in the melt, and show no tendency to 
disproportionate. The inability to coulometrically oxidize 
Pb(II) to a higher oxidation state exemplifies its stability 


in the eutectic melt. 
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Carbon, Silicon, and silicon tetrachloride are 
electrochemically inactive in the fused LiC1-KCl eutectic. 
The M(II) oxidation state becomes more stable in going 
from germanium to lead. Germanium and tin exist in the 
M(0), M(II), and M(IV) oxidation states, while lead only 
exists as Pb(0) and Pb(II) in the melt. The standard 
reduction potentials between different oxidation states 
of the same element have been determined. Germanium 
metal can be electrodeposited from this melt; the 
reduction process on gold is complicated by alloy formation. 
A thermodynamic study of gold-germanium eutectic-alloy 
formation has shown that the interaction between gold 
and germanium in the alloy is small. A morphological 
examination of germanium deposited onto gold has shown 
that the topography of the deposit varies according to the 


conditions employed to plate germanium. 
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Introduction 


This section deals with some aspects of the electro- 
chemistry of cobalt, manganese, and antimony in the fused 
LiCl-KCl eutectic at 450°C. The results of the experi- 
mental work carried out with these elements are reported 
in this separate section, as they are not a part of either 
of the integral units presented in Part I or Part II of 
this thesis. The information obtained in the study of 
cobalt and manganese define these two systems in the melt, 
but the results of the antimony study are only preliminary 


in nature. 


Literature 


The standard electrode potentials of the Mn(II)/Mn(0), 
Co(II) /Co(0), and Sb(III)/Sb(0) couples were determined in 
the fused LiC1-KCl eutectic by Laitinen and Liu (1), and 
were found to be -1.849 + 0.008 V, -0.991 + 0.003 V, and 
-0.635 + 0.002 V, respectively at 450°C. Spectrophotomet- 
mic study Of),Co (ll) by Harrington and Sundheim) (2). and 
Sundheim and Kukk (3), and of Mn(II) by Sundheim and Kukk 
(3) in the fused LiC1-KCl eutectic has shown that these 
species are tetrahedrally coordinated in the melt. 

Delarue (4) and Colom and de la Cruz (5) have re- 
ported the solubility of Sb,0, in the fused LiC1-KCl eutec- 


tic melt at temperatures above 500°C. Colom and de la Cruz (5) 
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stated that dissolution of Sb50, takes place in less 


than one hour at 600°C, and that solutions of Sb.0, more 
concentrated than 0.03 mole fraction (~1M) exist in the 


melt over the temperature range from 400°C to 600°C. 


Experimental 


The apparatus, chemicals, and technique employed in 
Carrying out the electrochemical measurements have been 
described in Part I of this thesis. Cobalt was obtained 
in wire form (0.040" in diameter) from A. D. Mackay Inc., 
N.Y. The wire was cleaned with emery cloth, wound in the 
form of a spiral, degreased in carbon tetrachloride, and 
preanodized in the bulk melt before being placed into its 
isolation compartment. 

Manganese metal was obtained in chip form from 
Alpha Inorganics, Beverly, Mass., and was 99.97% pure. A 
manganese chip was silver soldered to a copper wire which 
led out of the electrochemical cell. The manganese chip 
was cleaned in dilute hydrochloric acid, rinsed with dis- 
tilled water, immersed in acetone, and. air dried before 
being placed into the eutectic melt. Only part of the 
manganese chip was immersed into the melt to ensure that 
the melt did not come into contact with the solder or the 
copper wire. 

Antimony was obtained in lump form (Alpha Inorganics, 


99.9999% pure). The antimony was suspended into the melt 
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by a platinum wire because platinum and antimony do not 
alloy at 450°C (6). The antimony electrode was immersed 
into its isolation compartment after 18 hours of contact 
with the bulk melt. This precaution was taken to assure 
dissolution of any Sb.03 that may have been present on the 
electrode surface. Barium oxide was prepared by thermal 
decomposition of Baco, in vacuum, and served as a source 
of oxide ion in the antimony study. Antimony(III) oxide 
was obtained from Allied Chemical, N.Y., and was 99.0% 


pure. It was oven dried at 110°C prior to use. 
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Manganese 


The manganese chip did not react with the melt, and 
was anodized at a current density of approximately 10 mA/ 
cm? , Several data points were taken in the course of this 
anodization, and a plot of the cell potential as a function 
of the number of equivalents passed showed that manganese 
was being oxidized to Mn(II) at roughly the standard poten- 
tial reported by Laitinen and Liu (1) for the Mn(II)/Mn(0) 
system. Attempts to further oxidize Mn(II) at a graphite 
electrode resulted in chlorine evolution. This shows that 
Mn(II) is the highest oxidation state of the element in 
the fused LiC1-KCl eutectic. Delarue (4) has reported 
that atmospheric contact with the LiC1-KCl eutectic melt 
containing Mn(II) results in the production of Mn. 3" 


which precipitates from solution. 


Cobalt 


The cobalt wire did not react with the melt, and 
was anodized at a current density of approximately 10 mA/ 
cm* to give a blue solution of Co(II) at roughly the stand- 
ard potential reported by Laitinen and Liu (1) for the 
Co(II) /Co(0) system. Delarue (4) employed voltammetry to 
show that anodization of Co(II) within the potential range 


of the melt was not possible. This result is supported; 


T2220 


the present attempt to oxidize Co(II) at a graphite elect- 
rode resulted in chlorine evolution. Thus, oxidation 
Staves Of cobalt greater than Co(ll) do not exist in. the 


melt. 


Antimony 


Antimony does not react with the fused LiC1-KCl eut- 
ectic at 450°C. The antimony electrode was anodized to 
prepare a solution of Sb(III) for use in an attempt to 
determine the standard potential of the Sb(V)/Sb(III) 
redox couple. Twenty-five data points were collected in 
two separate experiments in order to calculate the stand- 
ard potential of the Sb(III)/Sb(0) couple, and compare it 
with the value obtained by Laitinen and Liu (1). The cur- 
rent density employed in the oxidation of antimony was 


approximately 5 mA/cm* . The concentration of Sb(IIT) 


: POM see Ox Mire M. (PAR pLlotrof the 


ranged from 6.05 x 10. 
number of equivalents passed as a function of the cell 
potential was linear and had a slope of 0.046 +.0.002 V/log 
unit, in agreement with the theoretical value of 0.048 V/ 
log unit for a three-electron process at 450°C. The 
standard potential of the Sb(III)/Sb(0) couple was calcu- 
lated to be -0.624 + 0.002 V, compared to the value of 
-0.635 + 0.002 V obtained by Laitinen and Liu (1) for the 
same system. 


Delarue (4) has reported that Sb(III) can be chemi- 
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Camhy, Oxlaized py CuCer) "to "Sb (Vv) -=whren Volatiiizes from 
the melt as SbCl. (g). Since the standard potential of the 
Cu(II) /Cu(I) couple is +0.061 V (1), the standard potential 
of the Sb(V)/Sb(III) couple must then be less than this 
value. However, present attempts to oxidize Sb(III) to 
Sb(V) at a graphite anode at low current densities resulted 
in chlorine evolution, as was shown by the potential of the 
graphite anode. Since Delarue (4) did not purify his melt, 
it is possible that the presence of water in his system 
May account for the discrepancy, the oxidation observed 
being that of an oxygen-containing antimony species. 

The electrochemistry of Sb(III) was found to be 
extremely sensitive to the presence of oxide. Barium 
oxide is soluble in the LiC1-KCl eutectic melt at 450°C. 
Addition of this “compound =toravsoltion of 'Sp (PEL) 
drastically decreased the potential of the cell (the cell 
potential decreased as much as 1.2 V from its initial value 
with increased addition of BaO), thereby showing that 
Sb(III) reacts quantitatively with oxide. Potentiometric 
data analysis showed that more than one oxy-complex of 
antimony was formed, depending upon the amount of BaO added 
to solution. The presence of more than one oxy-complex of 
antimony was confirmed by voltammetry. For example, a 
voltammetric scan of a solution prepared by the addition 
of BaO to Sb(III) such that the mole ratio of 0% to 


Sb(III) was approximately 2:1 exhibited two reduction waves 
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whose half-wave potentials were -0.5 and -l.l V. 

Antimony (III) oxide was added to the LiC1-KCl eutec- 
tic at 450°C, in an amount much less than the saturation 
ML tereperted sby=corum and de larGruz (5)7,;7but didnot 
dissolve even after having been in the melt for a period 
of four hours. Addition of BaO to the compartment into 
which the Sb,03 was added resulted in the immediate dis- 
solution of Sb,503. This 1S not: surprising, *"since:a re- 
action of the type Sb,0,(s) + our 


Te SDOR a may have taken 


place. (Metantimonite, SbO, , is a well-known species (7)). 
Delarue (4) and Colom and de la Cruz (5) did not completely 
eliminate water from their melts, and thus the presence of 
OH” or O-* in their systems would account for the rapid 
dissolution of Sb,0, which they observed. 

Attempts to synthesize SbOC1 (to study the Sb/SbOC1 
system) were not successful. The procedures of Edstrand 
(8) and that reported by Brauer (9) were followed, but the 
compounds produced had physical properties that did not 
correspond to those ascribed to SbOC1l. In view of the com- 
plex nature of the oxy-species of antimony in the melt, the 
Sb/SbOC1 electrode would probably not be a simple system, 
Since dissociation of SbO™ (i1£ SbOCl is soluble in the melt) 


May result in the formation of other oxy-complexes of 


SO) a 


3 2 


(1) 


— SbO, . C2), 


Reaction (2) would occur if Sb, — is more stable than Sbo’. 
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ANODIZATION OF Ga(0) 


ie Reference Electrode 
Volume of the reference compartment = 7.96 com>, 
Equivalents of Pt(II) generated = 1.200 x rT ee 
Gallium Electrode 
Volume of the gallium compartment = 6.95 cm, 
Equivalents Equivalents 
(x10) Potential (Vv) (x107) Potential (Vv) 
Th ON 9 Ke) =L2 6 5.400 -1.082 
1.400 = leer 7.600 -1.077 
2.000 -1.108 10.151 -1.075 
2 (8.0.0 wiles hO1 145295 -1.071 
3.800 — 0 G8 
Pas Reference Electrode 
Volume of the reference compartment = 7.96 cm?, 


Equivalents of Pt(II) generated = 1.200 x ope 
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Gallium Electrode 


Volume of the gallium compartment = 7.15 cm. 


Equivalents Equivalents 
(x107) Potential (V) (x10) Potential (V) 
500.0 = 1.169 38.000 -1.098 
7.000 till O35 54.000 = e093 

10.000 -1.150 76.000 -1.083 
20.000 -1.117 100.000 -1.081 
28.000 ot BOS) 1302220 -].066 

3) Reference Electrode 

Volume of the reference compartment = 7.72 cm?, 
Equivalents of Pt(II) generated = 1.200 x TO 
Gallium Electrode 

Volume of the gallium compartment = 7.05 om> 

Equivalents Equivalents 
(x10-) Potential (V) (x107) Potential (V) 
1.400 =15L00 5 Ge -1.055 
2.000 = 15,091 7.600 -1.050 
2.800 -1.082 10.600 -1.047 


3.500 oO GW. T372000 = 1.041 
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ANODIZATION OF In(0) 


ae Reference Electrode 
Volume of the reference compartment = 2.75 cm? , 
Equivalents of Pt(II) generated = 1.223 x On 
Indium Electrode 
Volume of the indium compartment = 3.22 com>, 
Equivalents Equivalents 
(x107) Potential (V) (x107) Potential (V) 
5.000 Shane 2) 28.000 -1.236 
1000 = a 39°.000 =Ts211 
10.000 Sal Sh 54.000 oo ee ive Bs 
14.000 -1.288 167.000 canes Med | 
20.038 Ae AIO) 
Ze Reference Electrode 
Volume of the reference compartment = 5.33 com>, 


Equivalents of Pt(II) generated = 1.200 x lonar 


Indium Electrode 


Volume of the indium compartment = 5.50 com>, 
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Equivalents 
(x10>) Potential (Vv) 
5000 -1.371 
7.000 -1.318 
LO.000 =. 323 
14.000 ee 2 
20.000 -1.260 
28.000 -1.300 
Sie Reference Electrode 


Volume of the reference compartment 


Equivalents of Pt(II) generated = 1.200 x 10. 


Indium Electrode 


Equivalents 
(x107) 
38.000 
54.000 
76.000 

£0 37791.0 


186.680 


Volume of the indium compartment = 


Equivalents 


(10n) 


WAG) 
1.400 
2.000 


2.800 


Potential (V) 
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(x10*) 


3.800 
5.400 
0 OW) 
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Potential(V) . 
-1.281 
-1.258 
-1.236 
-1.204 
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4. Reference Electrode 
Volume of the reference compartment = 7.72 cm>, 
Equivalents of Pt(II) generated = 1.200 x home 
Indium Electrode 
Volume of the indium compartment = 8.03 com>, 
Equivalents Equivalents 
(x104) Potential (V) (x10) Potential (V) 
1.400 ml OE 5.400 cl lle et 
2.000 =I 252 72000 -1.174 
2.800 -1.237 LOT O0N) =1,153 
3.800 kPa eS) 
ANODIZATION of In(I)_ 
de Reference Electrode 


Volume of the reference compartment = 2.75 om. 
Equivalents of Pt(II) generated = 1.200 x Lose 


Indium Electrode 


Equivalents of In(I) initially present = 7.600 x Tne 
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Equivalents Equivalents 
(x10°) Potential (V) (x10°) Potential (V) 
1000 = O29 55 14.000 =(0:.889 
37,0,.010 =0.937 205058 =0.8,74 
5.000 =0.923 28.000 -0.857 
7.000 oO ncyhe AE! 39.000 -0.834 
10.000 = Ori 
Pans Reference Electrode 
Volume of the reference compartment = 5.33 om>. 
4 


Equivalents of Pt(II) generated = 1.200 x 10 


Indium Electrode 
ou 


Equivalents of In(I) initially present.=.1:0633 x 107 
Equivalents 
(107) Potential) 
Sp hol os -0.904 
Tes SS) -0.885 
10.634 -0.847 
13.000 -0.809 
3% Reference Electrode 


Volume of the reference compartment = 7.72 om>, 
Equivalents of Pt(II) .generated = 1.200 x Toews 
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Indium Electrode 


8 


Equivalents of In(I) initially present = 1.060 x toe 
Equivalents Equivalents 
(x104) Potential (V) (x10 4) Potential (Vv) 
i000 -0.896 5.400 rad O) ite) a0 
1.400 TABS testehs 7.600 =O 03 
2.000 -0.863 10.600 OG hs 
2.800 -0.846 15.000 AO) 1ST) 
Siestslele ORs oS 
ANODIZATION OF T1(0) 
1. Reference Electrode 
Volume of the reference compartment = 7.06 cm*, 
Equivalents of Pt(II) generated = 1.200 x ap ee 
Thallium Electrode 
Volume of the thallium compartment = 6.72 com>, 
Equivalents Equivalents 
sty Potential (v) (x107) Potential (V) 
1.400 miliaseyia) lt | 2.800 hl 0 
£700 -1.540 3.300 = 150 
2.000 =e ao S600 -1.493 


2.400 = 105520 4.600 SUAS? 
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ANODIZATION OF T1(T) 


ae Reference Electrode 


Volume of the reference compartment = 6.81 om>, 


Equivalents of Pt(II) generated = 1.200 x inate 


Thallium Electrode 


Equivalents of T1(I) initially present = 1.000 x loss 


Equivalents Equivalents 
(x10°) Potential (V) (x10>) Potential (V) 
8.000 +O 202 40.000 +0.260 
Aide Patna +OmeaL 0 44.500 +0.264 
12000 EO 2-16 5070.00 es Pes 
14.000 Oreo ed 5 70.00 +0.274 
16.000 Olea 20 62.000 + Or / 6 
18.000 aries O48) 67.000 +O e202 
22.000 +0.237 T2n000 +0.284 
25.000 +0. 242 76.000 O28) 
28.000 +0.246 80.000 + Orsao9 
31.000 + Onrz0 84.000 + OR Gal! 
34.000 — +0.254 90.000 +On 206 
ae Reference Electrode 


Volume of the reference compartment = 6.81 com>, 
Equivalents .of PE(IT) generated = 1.200 x lone 
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Thallium Electrode 
3 


Equivalents of T1(I) initially present = 1.000 x 10° 
Equivalents Equivalents 
(x10) Potential (V) (x10°) Potential (V) 
7.000 po Onre 03 127.000 +0. 220 
8.000 +0207 14.000 tOn 229 
Sher 8X00) FOV2L0 16.000 +0250 
10 .320,0 +0..214 18.000 +0.234 
ANODIZATION OF Ge(0) 
eS Reference Electrode 
Volume of the reference compartment = 5.06 cm? , 
Equivalents of Pt(II) generated = 1.201 x lay 
Germanium Electrode 
3) 


Volume of the germanium compartment = 5.87 cm. 


Equivalents Equivalents 
(x104) Potential (V) ext0*) Potential (V) 
2.800 -0.764 7.600 -0.724 
4.000 -0.748 10.800 -0.714 


5.000 =0.7355 14.200 | = Onea/.0 9 
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er Reference Electrode 
Volume of the reference compartment = 5.33 com>, 
4 


Equivalents of Pt(II) generated = 1.200 x 10 ~. 


Germanium Electrode 


Volume of the germanium compartment = 6.41 com>, 
Equivalents Equivalents 
(x10°) Potential (V) (x104) Potential (Vv) 
2.000 =0.733 7.600 =O) 
4.000 —On ro L0:. 800 Oto 
5.600 =O 754 14.200 -0.724 
She Reference Electrode 
Volume of the reference compartment = 5.33 com>, 
Equivalents of Pt(II) generated = 1.200 x to ae 
Germanium Electrode 


Volume of the germanium compartment = 6.04 cm? , 


Equivalents Equivalents 
(10.2) . Potential (V) (aoe) Potential (V) 
2.000 -0.808 7.600 -0.757 
2.800 -0.793 10.800 -0.746 
4.000 -0.778 P42 200 -0.736 
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4. Reference Electrode 
Volume of the reference compartment = 2.26 com>. 
a 


Equivalents of Pt(II) generated = 1.500 x 10 ~. 


Germanium Electrode 


Volume of the germanium compartment = 1.82 com>, 
Equivalents Equivalents 
(x10) Potential (V) (x10) Potential (V) 
0.500 =OnS 95 8.000 =), 80:8 
1.000 -0.877 16.000 -0.787 
2. 000 =O. ODS 32/000 =O 09 
4.000 7 BOe oo) 40.000 -0.762 


ANODIZATION OF Ge (ITI) 


lee Reference Electrode 


Volume of the reference compartment = 5.33 com>, 


Equivalents of Pt(II) generated = 1.200 x Lomas 


Germanium Electrode 
Volume of the germanium compartment = 6.41 com>, 
Equivalents of Ge(II) initially present = 1.420 x yates 


Equivalents 
Cao) Potential (V) 


22.000 -0.448 
2.800 -0.446 
4.000 -0.441 


5.600 -0.439 
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OF Reference Electrode 


Volume of the reference compartment = 5.33 com>. 


Equivalents of Pt(II) generated = 1.200 x Loge” 


Germanium Electrode 


Volume of the germanium compartment = 6.04 com>. 


Equivalents of Ge(II) initially present = 1.420 x Tomer 


Equivalents 
(x10) | Potential (V) 
2.000 -0.450 
2.800 -0.449 
4.000 -0.444 
5.600 =e 


ANODIZATION OF Sn(0) 


dng Reference Electrode 
Volume of the reference compartment = 6.39 com>, 


Equivalents of Pt(II) generated = 1.201 x Toni 


Tin Electrode 


Volume of the tin compartment = 5.94 com>, 
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Equivalents Equivalents 
(x104) Potential (V) (x104) Potential (V) 
2.000 =l 053 7.600 -0.997 
2.800 -1.042 10.000 te Bi 
3.800 = O26 13.000 Dene e/g) 
5.400 =-1 011 


ANODIZATION OF Sn(ITI) 


ae Reference Electrode 
Volume of the reference compartment = 7.33 om? 


Equivalents of Pt(II) generated = 1.200 x Tone 


Tin Electrode 


Equivalents of Sn(II) initially present.= 2.200 x Oe 


Equivalents Equivalents 
ec irowe) Potential (V) Galton Potential (V) 
2.800 -0.214 4.000 -0.199 
3.400 | =O. 208 4.800 2 eo 

os Reference Electrode 


Volume of the reference compartment = 7.79 cm? , 
Equivalents of Pt(II) generated = 1.200 x ree 
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Tin Electrode 


Equivalents of Sn(II) initially present = 2.200 x one 


Equivalents Equivalents 
(x107) Potential (V) | (x107) Potential (V) 
2.602 -0.213 4.000 -0.204 
3.400 -0.209 4.800 cel ype Mes 
Bis Reference Electrode 
Volume of the reference compartment = 7.54 com>, 


Equivalents of Pt(II) generated = 1.200 x Toys. 


Tin Electrode 


Equivalents of Sn(II) initially present = 2.200 x Op 


Equivalents Equivalents 
(x10) Potential (V) (x10) Potential (V) 
2.800 -0.214 3.700 -0.205 
3.1 00 =O. 200 4.000 =Ov2 02 
3.400 -0.208 44250 -0.201 


ANODIZATION OF Pb(0) 


cs Reference Electrode 
Volume of the reference compartment = 7.64 com>, 
Equivalents of Pt(II) generated = 1.200 x coe 
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Lead Electrode 


Volume of the lead compartment = 6.99 cm>, 


Equivalents Equivalents 

(x10 4) | Potential (V) (x104) Potential (V) 
2.000 -1.054 93200 “1.021 
4.000 -1.045 10.800 = LOH? 
4.900 -1.039 13.000 -1.010 
5.600 eiruse 15.200 -1.006 
67.636 -1.032 7.0.0 -1.002 

7 e000 | 2 iwoce 


ANODIZATION OF Sb(0) 


Te Reference Electrode 
Volume of the reference compartment = 6.47 com>, 
Equivalents of Pt(II) generated = 1.200 x 107°. 
Antimony Electrode 
Volume of the antimony compartment = 7.71 com>. 
Equivalents Equivalents 
(x104) Potential (V) (x104) Potential (V) 
- 400 : -0.584 Bro 0 -0.564 
- 700 =O 5. 4.000 -0.562 
000 -0.574 4.600 Uiseise 
6 ASU) Ae) 58) The 5.400 =0,.557 
500 =O 09 6.200 -0.554 
S50 = Oreo. 0 7.000 =O. 552 
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2, Reference Electrode 


Volume of the reference compartment = 6.47 cm>. 


Equivalents of Pt(II) generated = 1.200 x Wee 


Antimony Electrode 


Volume of the antimony compartment = 7.17 com>. 


Equivalents Equivalents 
(x104) Potential (V) (x10) Potential (V) 
1.400 =O2958 2 5) easy 0)(0) -0.565 
a7 00 = OF. 5s/9 4.000 -0.563 
2.000 —On Dy, 4.600 -0.561 
27,250 -0.575 5.400 -0.557 
Paseo ON8) =O 515 il 6.200 -0.554 
3.000 -0.566 7.000 -0.552 


SAMPLE CALCULATION OF THE STANDARD POTENTIAL 


Consider theytarst entry onspage 138 (2.000 x icine 


equivalents, —170535V)ji. \ This, corresponds’ to: the first data 


point obtained in the anodization of Sn(0). 


Le Reference Electrode 


Were PRG) s even) fg in eee o.tnst log [Pt(II) ]. 


ay 
Thus, E = 0.000 + ott log etl es , and 
WZ X69 xe LO 


Bi==-0. 148 V.. 
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PAZ: 
Ds Tin Electrode 
Beall 7 Pe DEL where E 
Calas 


ea tes equilibrium cell poten- 
Since the tin electrode was negative with respect to 
the platinum electrode, E> reference electrode 
potential, and E_ = indicating (tin) electrode potential. 
PDUs eel 0 oom Ort ot. Ean (hee =O dn Ve 
For Sn(0) —— Sn(II) + 2e , 
0.1434 
2 


E_ = E° + log [Sn(II)]. 


yl 
0.1434 2.000 x 10 a) Ae 


Thus, =1.201 = E° + 5— log - 
Dex 56 93x. LO 


i ee Sb SOLS) EA 


Once the individual standard potentials were obtained 
in this manner, the mean value and standard deviation of 
the series of the standard potentials were calculated. The 
theoretical value of the prelogarithmic term in the Nernst 


equation was employed in all standard potential calculations. 
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